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General introduction
The fundamental question in evolutionary biology is to understand the diver-
sity of life, how new species are formed and the processes which are involved
therein. Charles Darwin called this the ‘mystery of mysteries’. In 1859 Dar-
win ignited the still ongoing research on scientific theory of evolution with
the publication of ‘On the Origin of Species’ (Darwin 1859). In his most
famous piece of work he introduced the terms natural selection and, to a
limited extend, sexual selection as the main forces in speciation. Natural
selection means that certain phenotypes in a specific ecological surround-
ing have a higher probability of survival and reproduction. In other words,
there is variation in fitness. As a direct consequence, phenotypes with higher
fitness become more frequent over time. The same holds true for sexual selec-
tion. Here not ecology but the interaction between individuals of the same or
the opposite sex influence the individual–specific probability of reproduction,
depended on certain phenotypes. Again, favorable phenotypes become more
frequent over time. Therefore, groups of individuals of a certain species, liv-
ing in selectively divergent environments, become phenotypically divergent
over time. In other words, these populations become locally adapted to their
respective environments. As a consequence, migrating individuals or hybrids
will have lower fitness compared to locally adapted ones.
The available tools and techniques researchers are able to work with
changed a lot in the past 150 years. While Darwin was limited to a phenotype–
based observational and/or morphometric approach to measure divergence
between organisms, we nowadays know that most phenotypic traits have a
genetic basis and developed numerous genetic tools to explore genetic diver-
gence between populations (Coyne and Orr 2004). Empirical studies have
shown that local adaptation is negatively correlated with gene flow, the trans-
fer of genes or alleles between populations. The amount of gene flow on the
other hand determines where comparing two populations on the speciation
continuum are found (Slatkin 1987). This continuum ranges from interbreed-
ing populations with no reproductive isolation and pronounced gene flow on
one end and ‘true’ species with complete reproductive isolation and no gene
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flow on the other end (Schluter 2000; Nosil 2012).
Something did not change since Darwin though. To answer empirical
questions in evolutionary biology all researchers need a good model organism.
Unfortunately a ‘perfect’ model organism does not exist. One has to choose
a model system depending on the questions raised. I decided to do research
with threespine stickleback (Gasterosteus aculeatus L. 1758), a small teleost
fish from the Gasterosteidae family (Östlund–Nilsson et al. 2006), which is
very popular in evolutionary biology related research. Five key features make
this organism a great model in evolutionary biology:
1. Stickleback are, keeping in mind that we are talking about a vertebrate,
very easy to handle in the laboratory. They can be kept in swarms,
occupy little space, are tolerant to a vast array of rearing conditions
such as salinity, temperature and abiotic chemicals, have a minimal
generation time of one year, are easy to cross and show a full blown be-
havioral repertoire under laboratory conditions. Unsurprisingly, stick-
leback have a long history particularly in behavioral research because
of their complex breeding behavior (Östlund–Nilsson et al. 2006).
2. Probably most important from an evolutionary perspective is that
stickleback show a high degree of intra–specific variation in freshwa-
ter populations (McKinnon and Rundle 2002; Bell and Foster 1994).
After the retreat of the ice sheets of the Pleistocene 10’000 years ago,
newly formed freshwater bodies around the Northern Hemisphere got
colonized by oceanic stickleback. Due to a high degree of standing ge-
netic variation in marine ancestors, freshwater populations were able
to locally adapt to a vast array of divergent selection pressures and
are nowadays displaying an extraordinary adaptive radiation (Bell and
Foster 1994; Schluter 2000). Examples for variation in freshwater stick-
leback are found in the two trait classes foraging (Reimchen et al. 1985;
Berner et al. 2008, 2009; Kaeuffer et al. 2012) and anti–predation
(Leinonen et al. 2011a), which are highly fitness related and therefore
crucial in the process of speciation.
3. Another feature of stickleback research is the huge progress in molecular
analysis which has been done in the last 15 years. Two important
milestones were reached by publishing a genome–wide linkage map in
2001 (Peichel et al. 2001) and five years later by sequencing the full
genome (Jones et al. 2012). QTL–mapping studies, candidate gene
approaches, genome scans and analyses based on full genome data sets
have become frequent and facilitated the understanding of speciation.
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4. Out of a statistical perspective, stickleback are key. The countless
independent colonizations of freshwater bodies make a high replication
of any research project possible.
5. Divergence time in freshwater stickleback population pairs, occupying
contrasting environments, is generally young. Assuming a generation
time of 1–2 years we are talking about 5’000–10’000 generations, or
even younger in recently colonized water bodies. This is crucial for an
organism used for speciation related questions, since the probability of
past but dramatic long–term shifts in ecology is reduced. Therefore
the probability that the genetic signatures and described phenotypes
in stickleback populations are not artifacts from the past, but really
have fitness consequences in the present is increased.
During my PhD, I focused on lake and stream threespine stickleback. The
two contrasting environments are geographically separated, allow gene flow
and challenge with differential selection pressures. The most obvious differ-
ences between the lake and stream environment are found in the available
food resources (zooplankton versus macroinvertebrates), predation (big fish
predators versus insect larvae) and habitat structure (steady and open wa-
ter versus current and complex habitat matrix). Clinal analyses in Canadian
lake and stream systems based on neutral genetic markers exposed barriers to
gene flow (Berner et al. 2009). Although replicated and predictable morpho-
logical divergence was described (Lavin et al. 2007), no reproductive barrier
was found between these ecotypes so far (Hendry et al. 2009; Hanson et al.
2015). My studies aimed to find an answer to this open question with lake
and stream populations from the Lake Constance basin in Central Europe.
My main chapters are structured as follow:
Chapter 1– I began my studies with a quantitative approach, which tested
for life history divergence and barriers to gene flow. In particular, I used
a landmark– and otholith–based approach to measure the two life history
traits size and age at reproduction in four lake and five stream populations.
Stream fish showed reduced size and younger age at reproduction and an
annual life cycle compared to lake fish, which reproduced at age two. Based
on FST comparisons (microsatellites) and a haploytype network (D–loop), I
exposed the population structure in this watershed. The lake is harboring
one panmictic population with existing barriers to gene flow between the lake
and the streams.
Chapter 2 – In the second chapter, I answered two questions about the
basis of this life history shift: i) is it plastic or genetically based and ii)
what is the underlying mechanistic basis? Two alternative ways may lead
10
to the described shift: Assuming similar growth rates in lake and stream
populations, higher maturation size thresholds in lake fish, which could only
be attained in two years would lead to bigger and older fish in the lake
when compared to the stream. Alternatively, maturation size thresholds
may be the same with reduced growth rates in the lake, precluding them from
overcoming minimal size for reproduction within one year. In this scenario,
lake fish would have to invest into somatic growth for another year and
become larger than stream fish at reproduction. I answered these questions
using a combination of two lab experiments, testing for genetic differences in
growth rates and unequal maturation size thresholds and a field experiment,
testing for phenotypic plasticity in transplanted lake fish. I found evidence
for a high degree of plasticity likely induced by differential feeding regimes,
leading to drastically reduced growth rates in lake fish.
Chapter 3 – A high–resolution single nucleotide polymorphism (SNP)
marker dataset (Outreach chapter 6) supported the low overall genetic dif-
ferentiation between the lake and the stream populations, which I found in
chapter 1. However, it also contained SNP markers with moderate to high
differentiation. Hence, in the last experiment of my PhD, I wanted to test
for local adaptation, despite weak genome wide differentiation. I used a long
term field experiment to let lab reared stream, lake and F1 lake–stream hy-
brids compete against each other. By measuring survival over time, I found
strong evidence for selection against migrants and hybrids and hence gave
an answer to the long standing question of the whereabouts of the barriers
to gene flow in lake–stream stickleback populations.
Finally, my thesis is concluded by five outreach chapters, which involved
different research approaches and gave me the opportunity to dive into com-
pletely different areas of biological research, while concentrating on the main
chapters. The chapters 4–6 focused on the genetics and genomics in lake and
stream stickleback. In particular, we quantified recombination rate and its
implications on genome evolution in chapter 4, performed a QTL (quantita-
tive trail locus)–mapping, investigating the genetic basis of feeding– motility–
and defense–related traits in chapter 5 and demonstrated an ecological vicari-
ance scenario on the basis of demographic and population genomic analyses
in chapter 6. The last two outreach chapters explored the physiology in
camelids and ruminants. Chapter 7 compared methane emission, whereas
chapter 8 focused on digesta retention patterns.
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Chapter 1
Repeated lake–stream divergence in stickleback
life history within a Central European lake
basin
Authors: DARIO MOSER, Marius Roesti & Daniel Berner
Published in: PLOS ONE
Date of publication: December 4, 2012
Preface: This chapter introduced me to evolutionary biology and stick-
leback science. I was able to do some field trips, learned basic laboratory
techniques, such as DNA extraction and PCR, got familiar with a series of
different softwares to analyze genetic data and made first contact with statis-
tics. The data for the first chapter was collected during my master thesis.
Nevertheless, I decided to include it here, since the publication process was
the first task after I finished my Master studies. Additionally, the results of
this chapter and the questions they raised, led to my main work in chapters
2 & 3.
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1.1 Abstract
Life history divergence between populations inhabiting ecologically distinct
habitats might be a potent source of reproductive isolation, but has received
little attention in the context of speciation. We here test for life history
divergence between threespine stickleback inhabiting Lake Constance (Cen-
tral Europe) and multiple tributary streams. Otolith analysis shows that
lake fish generally reproduce at two years of age, while their conspecifics in
all streams have shifted to a primarily annual life cycle. This divergence is
paralleled by a striking and consistent reduction in body size and fecundity
in stream fish relative to lake fish. Stomach content analysis suggests that
life history divergence might reflect a genetic or plastic response to pelagic
versus benthic foraging modes in the lake and the streams. Microsatellite
and mitochondrial markers further reveal that life history shifts in the differ-
ent streams have occurred independently following the colonization by Lake
Constance stickleback, and indicate the presence of strong barriers to gene
flow across at least some of the lake–stream habitat transitions. Given that
body size is known to strongly influence stickleback mating behavior, these
barriers might well be related to life history divergence.
1.2 Introduction
Speciation is often initiated by adaptation to ecologically distinct habitats
in the face of gene flow (Endler 1977; Gavrilets et al. 2000; Wu 2001; Sobel
et al. 2010). This process is typically inferred from concurrent divergence
in phenotypes and genetic marker frequencies across habitat transitions in
the absence of physical dispersal barriers (e.g., Smith et al. 1997; Lu and
Bernatchez 1999; Ogden and Thorpe 2002; Barluenga et al. 2006; Gra-
hame et al. 2006; Foster et al. 2007; Seehausen et al. 2008; Berner et al.
2009; Rosenblum and Harmon 2011). Patterns aside, the actual mechanisms
constraining gene flow in the early stages of ecological divergence generally
remain poorly understood (Coyne and Orr 2004; Rundle and Nosil 2005; So-
bel et al. 2010; but see Ramsey et al. 2003; Nosil 2007). At least partial
reproductive isolation is often assumed to result directly from performance
trade–offs associated with adaptive divergence. That is, divergence in eco-
logically important traits causes selection against maladapted migrants and
hybrids between habitats (Schluter 2000; Coyne and Orr 2004; Hendry 2004;
Nosil 2005). Further reductions in gene flow between populations can arise
readily as indirect (correlated) consequences of adaptive divergence (Rice and
Hostert 1993; Coyne and Orr 2004; Gavrilets 2004; Sobel et al. 2010), for
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instance when traits under ecological divergence also influence reproductive
behavior (Ritchie 2007; Bonduriansky 2011; Maan and Seehausen 2011). Un-
derstanding speciation thus benefits greatly from a thorough understanding
of adaptive divergence.
In animals, the traits receiving greatest attention in the context of eco-
logical divergence and reproductive isolation are typically those related to
resource acquisition and predator avoidance (Schluter 2000; Coyne and Orr
2004). By contrast, divergence in life history is less frequently considered
as a driver of speciation, despite its potential to contribute to reproduc-
tive isolation at multiple levels simultaneously: first, adaptive divergence in
life history traits in response to ecologically distinct habitats (Stearns 1992;
Roff 2002) might directly reduce gene flow between populations through re-
duced performance of migrants and hybrids between the habitats. Second,
life history divergence often involves shifts in reproductive timing, thereby
potentially causing phenological assortative mating as a correlated response.
Evidence of this mechanism exists but is mostly limited to insects (e.g., Feder
et al. 1997; Abbot and Withgott 2004; Santos et al. 2011; but see Friesen
et al. 2007). Third, life history divergence commonly involves body size
shifts (Stearns 1992; Roff 2002). Because body size is also frequently in-
volved in sexual selection (Andersson 1994), life history divergence might
drive sexual assortative mating as an additional correlated response. Finally,
life history traits generally display higher levels of phenotypic plasticity than
morphological, physiological, and behavioural traits, because the former rep-
resent greater targets for environmental perturbation (Price and Schluter
1991; Houle 1992). Life history shifts might thus follow rapidly upon the
colonization of new habitats, and hence contribute to reproductive isolation
well before genetically–based divergence in less plastic traits has occurred
(West–Eberhard 2003; Thibert–Plante and Hendry 2011).
The objective of this study is to initiate an investigation of life history
divergence in a natural model system for studying speciation with gene flow
– lake and stream populations of threespine stickleback fish (Gasterosteus ac-
uleatus Linnaeus, 1758). Marine (ancestral) stickleback have colonized fresh-
water environments all across the Northern Hemisphere after the last glacial
retreat, thereby establishing numerous evolutionarily independent population
pairs residing in adjacent lake and stream habitats (Hagen and Gilbertson
1972; Reimchen et al. 1985; Lavin and McPhail 1993; Thompson et al. 1997;
Reusch 2001; Hendry and Taylor 2004; Berner et al. 2008; Aguirre 2009; Dea-
gle et al. 2012). Lake and stream populations typically display predictable
and at least partly genetically–based (Lavin and McPhail 1993; Sharpe et
al. 2008; Berner et al. 2011) divergence in morphological traits, presumably
reflecting adaptation to distinct foraging environments. This phenotypic di-
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vergence often coincides with striking divergence in genetic markers on a
small spatial scale (Berner et al. 2009; Deagle et al. 2012; Kaeuffer et al.
2012; Roesti et al. 2012a), indicating the presence of strong reproductive bar-
riers associated with lake–stream transitions. The nature of these barriers,
however, remains poorly understood (reviewed in Hendry et al. 2009).
A contribution of life history divergence to reproductive isolation in lake-
stream stickleback, through one or several of the mechanisms described above,
is plausible because life history evolution is reported from other stickleback
systems. This includes divergence in age at reproduction and reproductive
investment within and among lake populations (Reimchen 1992; Baker et al.
1998, 2005, 2011; Gambling and Reimchen 2012), and divergence in body size
within and among lake populations (Moodie and Reimchen 1976; McPhail
1977; Reimchen 1992; Baker et al. 1998; Nagel and Schluter 1998; Gambling
and Reimchen 2012) and between freshwater and marine stickleback (McK-
innon et al. 2004, 2012). At least some of this divergence is partly genetically
based (McPhail 1977; Snyder 1991). Furthermore, body size divergence is
generally a strong contributor to mating isolation in the species (Dufresne et
al. 1990; Nagel and Schluter 1998; Ishikawa and Mori 2000; McKinnon et al.
2004, 2012; Albert 2005; Boughman et al. 2005; but see Raeymaekers et al.
2010). Nevertheless, investigations of life history divergence in lake–stream
stickleback are lacking.
Our study focuses on stickleback inhabiting contiguous lake and stream
habitats within a single lake basin in Central Europe. We focus on multiple
replicate lake–stream sample pairs to assess whether life history divergence
has occurred repeatedly in a similar direction. Finally, we include nuclear
and mitochondrial genetic marker data to search for signatures of habitat–
associated barriers to gene flow, and to gain insight into the origin of lake
and stream stickleback populations within the lake basin.
1.3 Materials and methods
1.3.1 Stickleback samples
The main focus of this life history investigation lies on stickleback in Lake
Constance (LC) and its tributaries in Central Europe (Fig. 1.1, Table 1.1).
The geographic distance between the different lake–stream pairs (‘systems’)
was maximized to reduce the opportunity for gene flow among systems, and
to provide phenotypic and genetic information representative of the entire
lake basin. The systems include two lake–stream pairs subjected previously
to an analysis of foraging morphology and population genetics (‘Constance
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South’, COS, and ‘Constance West’, COW; Berner et al. 2010a; see also
Roesti et al. 2012b). The majority of the study sites, however, have not
been investigated before. The new systems include ‘Constance North’ (CON)
and ‘Constance East’ (COE). In the latter, the stream site was sampled at
two different locations (Grasbeuren, 7.6 km from the lake, and Mühlhofen,
4 km from the lake). These samples proved very similar phenotypically and
genetically (e.g., FST = 0.002, P = 0.40 ; further details not presented), so
that they were pooled to represent a single stream site (COE stream). Fur-
ther, we sampled an additional stream for the COS system (‘COS1 stream’).
Because this stream drains into LC at almost the same location as COS2
stream, these two systems share their lake counterpart.
The origin of stickleback in the LC basin is unknown, but commonly
attributed to human introduction (e.g., Berner et al. 2010b; Lucek et al.
2010). The first report of the species’ widespread occurrence within the
basin dates back to the mid 19th century (Heller 1871, p. 320). To obtain
new genetic insights into the populations’ possible origin, we complemented
our paired lake–stream samples by samples from two solitary (allopatric)
stream–resident populations. The first solitary population was sampled from
a small creek draining into the River Rhine (the outlet stream of LC, draining
into the Atlantic) near Basel, Switzerland (Fig. 1.1, Table 1.1). This sample
is hereafter called the Rhine (RHI) sample. A recent study indicates strong
differentiation in neutral markers between stickleback occurring in the Rhine
catchment downstream of LC and the lake itself (Lucek et al. 2010), sug-
gesting that the latter was not colonized via the Rhine. Our Rhine sample
allowed an independent evaluation of this hypothesis. The second solitary
stream population (DAN) was sampled in the headwaters of the Danube
River drainage near Kirchbierlingen, Germany. This sample was included
because of the close proximity of the Danube drainage to the LC basin, and
because the LC region drained into the Danube (and eventually into the
present–day black sea region) in postglacial times (Behrmann–Godel et al.
2004).
All new samples were collected in the spring 2011 (late April, May; i.e.,
during the stickleback breeding season). The samples taken in previous years,
and a few specimens collected in 2012 exclusively for the analysis of fecundity
and egg size (see below), were also collected within that seasonal time frame.
All samples were taken with permission from the corresponding fisheries au-
thorities (Austria: Landesfischereizentrum Vorarlberg, A. Lunardon; Ger-
many: Fischereiforschungsstelle Baden–Württemberg, S. Blank, M. Bopp,
C. Wenzel; Switzerland: Jagd– und Fischereiverwaltung Thurgau, R. Kistler;
Amt für Umwelt und Energie Basel–Stadt, H.–P. Jermann). Sampling oc-
curred on breeding grounds using unbaited minnow traps. All individuals
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Figure 1.1: Geographical situation of the stickleback study sites. Shown are the five
lake–stream stickleback pairs (‘systems’) in the Lake Constance basin (CON, COE, COS1,
COS2, COW; colored circles, stream sites lighter), and the two solitary sample sites outside
the basin (RHI, DAN; black and white circle). The black rectangle in the inset map locates
the study area in Central Europe. Distances indicate the approximate water distance
between the lake and stream site within each system, and the approximate map distance
between Lake Constance and the solitary sample sites. Note that the COS1 and COS2
stream samples were not collected from the Rhine (the major inlet to Lake Constance),
but from two small streams draining separately into Lake Constance. Further details on
the samples and locations are given in Table 1.1.
used for this study were in reproductive stage because the males consistently
displayed breeding coloration, and gravid females were frequent at every site.
The specimens were euthanized with an overdose of MS–222, taking all ef-
forts to minimize suffering, and immediately weighed, photographed with a
reference scale as described in (Berner et al. 2009), and stored in absolute
ethanol. For most sites, a minimum sample of 12 individuals per sex could
be achieved (Table 1.1). Unless noted otherwise, all analyses are based on
the full sample from a given site. All work in this study was approved by the
Veterinary Office of the Canton of Basel–Stadt (permit number: 2383).
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Table 1.1: Localities, geographical coordinates, sampling year, and sample size
for the five lake-stream stickleback systems in the Lake Constance basin (CON,
COE, COS1, COS2, COW), and the two solitary stream populations (RHI, DAN).
Locality System orsite code Habitat
Latitude
(North)
Longitude
(East) Sampling year Sample size
Iznang (DE) CON lake 47◦43’03.36” 8◦57’42.48” 2011 22 (10/12)
Bohlingen (DE) CON stream 47◦43’18.84” 8◦53’01.68” 2011 23 (15/7)
Unteruhldingen (DE) COE lake 47◦43’25.32” 9◦13’37.56” 2011 33 (18/15)
Grasbeuren (DE) COE steam 47◦43’39.72” 9◦18’23.4” 2011 13 (9/4)
Mühlhofen (DE) COE steam 47◦44’11.76” 9◦15’49.68” 2011 12 (7/5)
Fussach(AT) COS1&COS2 lake 47◦29’29.7” 9◦39’40.37” 2008 24 (3/21)
Hohenems (AT) COS1 stream 47◦21’18.55” 9◦40’10.22” 2008 25 (11/14)
Rankweil (AT) COS2 stream 47◦16’19.28” 9◦35’32.72” 2008 24 (12/12)
Romanshorn (CH) COW lake 47◦33’22.5” 9◦22’48.25” 2008/2009 24 (12/12)
Niederaach (CH) COW stream 47◦33’29.25” 9◦16’42.38” 2008/2009 25 (11/14)
Basel (CH) RHI stream 47◦32’44.34” 7◦33’51.84” 2011 24 (12/12)
Kirchbierlingen (DE) DAN stream 48◦14’04.03” 9◦43’30.86” 2011 34 (15/19)
The localities are situated in Germany (DE), Austria (AT), and Switzerland (CH). Sample sizes are total, and males and
females in parentheses. Note that the same lake sample was used for both the COS1 and COS2 system, and that the COE
stream site combines two samples (for details see text).
1.3.2 Analysis of lake–stream divergence in life history
Our prime interest was to investigate lake–stream divergence in age and
size at reproduction. To quantify age at reproduction, we retrieved the left
and right sagittal otolith from all specimens in each lake–stream pair. The
otoliths were cleaned mechanically using fine forceps, dried, mounted in 20
ml Euparal on a microscope slide, and inspected under a stereomicroscope
at 50× magnification by a single person (DM) blind to the specimens’ origin.
Illumination was from above on a black background to optimally visualize
the opaque and transparent ring zones used for age determination following
(Jones and Hynes 1950) (representative otoliths from different age classes are
shown in Fig. S1 (Supplementary material)). Left and right otoliths always
produced consistent results. A total of 4 specimens (< 2% of all specimens
investigated) displayed unclear otolith ring patterns and could thus not be
aged unambiguously. Excluding these specimens from analysis did not affect
any conclusions; hence we present results based on the full data set. Differ-
ences in age composition between lake and stream fish were tested separately
for each system through non–parametric permutation tests randomizing the
response variable (age) 9999 times over the predictor (habitat) (Manly 2007),
and using the lake–stream difference in average age as test statistic. All sta-
tistical inference in this study is based on analogous permutation tests.
To quantify body size at reproduction, we digitized 16 homologous land-
marks (Berner et al. 2010a) on the photograph of each specimen by us-
ing TpsDig (Rohlf 2001). TpsRelw (Rohlf 2001) was then used to calculate
centroid size from the landmark configurations. This size metric, hereafter
referred to as ‘body size’, was considered more robust to variation in over-
all body shape and feeding or reproductive status than size metrics such
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as standard length or linearized body mass (Using the latter as body size
metric, however, produced very similar results in all analyses.). To test for
lake–stream divergence in body size, we used the difference in average size
between the habitats as test statistic.
In addition to age and size at reproduction, we investigated divergence in
fecundity and egg size. For this, clutches of gravid females ready for spawning
were collected in the field by gently squeezing the females’ abdomen, and
preserved in ethanol. We then counted the total number of eggs (fecundity)
under a stereomicroscope, dried all eggs at 50 ◦C for 48 h, and determined
their total dry mass. Egg size was then expressed as the total clutch dry mass
divided by total egg number (i.e., the average dry mass of a single egg). This
investigation used mainly females collected in 2012 for this specific purpose
only (and hence not included in Table 1.1; lake: COE, COW, N = 11 each;
stream: COW, CON, COE, N = 9, 1, 1), but additionally involved a few
females also used for the other analyses. Testing for lake–stream divergence
in fecundity and egg size was then performed in a single analysis for each
trait by pooling data across the two lake sites and the three stream sites
(Restricting the analysis to the COW system with sufficient data from each
habitat produced similar results.). As above, the difference in trait means
between the habitats was used as test statistic.
1.3.3 Comparison of body size among global popula-
tions
To interpret the body size patterns revealed in our lake–stream and solitary
stickleback populations from Central Europe in a broader geographic and
ecological context, we performed a comparison of reproductive body size by
including a total of 21 additional stickleback populations from different ge-
ographic regions and habitats. We hereafter call this the ‘global’ data set,
acknowledging that these samples do not represent the species’ full body size
diversity (e.g., Reimchen 1992). These additional samples comprised lake
populations from Beaver, Boot, Joe’s, Misty, Morton, Pye, and Robert’s Lake
(sites described in Berner et al. 2008), and from Hope Lake (coordinates: 50◦
34’ 0" N, 127◦ 20’ 30" W), on Vancouver Island (British Columbia, Canada).
Additional stream–resident populations were from the Beaver, Boot, Joe’s,
McCreight, Pye, and Robert’s systems (Berner et. al 2008), and from the
inlet stream to Misty Lake (Hendry et al. 2002; Lavin and McPhail 1993), on
Vancouver Island. These freshwater samples were complemented by collec-
tions of marine stickleback from two estuaries on the east coast of Vancouver
Island (Cluxewe: 50◦ 36’ 51" N, 127◦ 11’ 10" W; Sayward (Berner et al.
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2010b)), from the Japan Sea and Pacific (Kitano et al. 2009), from the At-
lantic Coast in Norway (Leinonen et al. 2011b), and from the coast of the
White Sea in Russia (Mäkinen 2006). All these additional samples were also
collected during the reproductive season on breeding grounds. Body size was
quantified from available photographs as described above. Sample size was
20–36 individuals per site, with both sexes well represented.
For the global comparison of body size at reproduction, we first pooled
all samples from the LC basin within each habitat type. This was done to
avoid pseudo–replication, and because body size within each habitat type was
highly consistent (see below). Interestingly, visual inspection of the data from
the global samples suggested differences among the three habitat types (lake,
stream, marine) in the variability of average body size across populations.
This was tested formally through separate lake–stream and marine–stream
tests using the variance in population means as test statistic.
1.3.4 Additional phenotypic analyses
The above analyses were complemented by investigating two additional vari-
ables potentially relevant to life history evolution. First, as life history di-
vergence might be driven by differential food resources, we analyzed prey
items in stomachs of stickleback from one system (COW lake and stream; N
= 20 and 7). Because lake stickleback might exploit different prey resources
during the reproductive period spent in littoral (near–shore) breeding habi-
tat than during non–reproductive life stages (e.g., Bentzen et al. 1984), we
additionally acquired a small sample (N = 5) of stickleback caught by LC
fishermen in offshore drift nets targeting pelagic whitefish. This sample was
taken off the COS lake site in April 2011. To ensure adequate quality of
stomach content for analysis, all specimens (lake offshore, lake littoral, and
stream) were preserved within 5 h upon setting the capturing device (min-
now trap, drift net). Prey items were identified to order, family, or genus,
and assigned to broad taxonomic groups (e.g., pelagic cladocera, vermiform
insect larvae; see Table 1.2). For every stickleback, we determined the rel-
ative proportion of the total prey items accounted for by each taxonomic
group, calculated summary statistics for each of the three habitat types, and
interpreted these statistics qualitatively. This approach was preferred to a
formal analysis because of the relatively small sample sizes.
The second additional variable was the lateral plate phenotype. An-
cestral marine stickleback are protected from vertebrate predators in their
pelagic environment by bony lateral plates along their entire body (Bell and
Foster 1994). This phenotype is disfavoured in most freshwater environ-
ments, as stickleback in lakes and streams generally display an adaptive,
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Table 1.2: Stomach content of stickleback from the Lake Constance offshore site,
and from the lake and stream site in the COW system.
Pelagic Pelagic/Benthic Benthic
Cladocera1 Copepods Cladocera2
Other
crustacea3
Vermiform
insect
larvae4
Other insect
larvae5
Stickleback
eggs
Lake offshore 0.34(0.21) 0.66(0.21) - - - - -
COW lake 0.01(0.02) 0.07(0.1) 0.33(0.29) 0.03(0.08) 0.42(0.37) 0.15(0.24) 0.03(0.11)
COW stream - 0.17(0.18) 0.2(0.25) - 0.57(0.27) 0.06(0.08) 0.09(0.2)
1 Daphnia, Ceriodaphnia, Bosmina.
2 Chydoridae.
3 mainly Ostracoda
4 Chironomidae, Ceratopogonidae.
5 mainly Ephemeroptera and Plecoptera.
The values represent the proportion of the total prey items accounted for by each prey class, averaged across individuals
within each site (standard deviation in parentheses). The copepods category subsumes pelagic, benthic, and/or generalist
taxa difficult to distinguish; strictly pelagic calanoid copepods, however, were found in the offshore lake specimens only.
Sample size is 5, 20, and 7 for offshore, COW lake, and COW stream.
genetically–based reduction in the number of lateral plates (Bell and Foster
1994). We considered this trait here because the major genetic factor deter-
mining plate phenotype (the ectodysplasin gene, EDA; Colosimo et al. 2005)
might pleiotropically influence growth rate (Barrett et al. 2009), and because
stickleback in the LC basin are polymorphic for both plate phenotype and
the underlying EDA alleles (Berner et al. 2010a). Following this latter study,
we assigned all individuals to one of three lateral plate phenotype morphs
(full, partial and low). We then tested for lake–stream divergence in plate
morph frequency within each system by using the Chi–square ratio as test
statistic (extending similar tests already performed for the COW and one of
the COS systems; Berner et al. 2010a). Next, sufficiently polymorphic sam-
ples (i.e., the stream samples of CON, COE, and COW) were used to test for
an association between plate morph and body size by using the F ratio from
analysis of variance as test statistic (Manly 2007). All statistical analyses
and plotting were performed in R (R Development Core Team 2012).
1.3.5 Genetics
The major goal of our genetic investigation based on nuclear and mitochon-
drial markers was to quantify population structure within and among the
replicate lake–stream systems in the LC basin. Of particular interest was
the detection of strong genetic divergence within lake–stream systems, sug-
gesting effective habitat–related barriers to gene flow. An additional goal
was to explore the relationship between stickleback in the LC basin and fish
from nearby water bodies. The present work greatly extends a previous pop-
ulation genetic study partly involving fish from the LC basin (Berner et al.
2010a) in that new lake–stream pairs are analyzed, samples from the Rhine
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and Danube are included, and a greater number of genetic markers are used.
We first extracted DNA from pectoral and caudal fin tissue on a MagNA
Pure LC extraction robot (Roche) by using the Isolation Kit II (tissue).
Next, we amplified eight microsatellites with labelled primers in two sep-
arate multiplex PCRs by using the QIAGEN multiplex kit and following
the manufacturer’s protocol. All PCRs included a negative control to check
for contamination. The microsatellite markers were chosen to be far from
known quantitative trait loci in stickleback, and to lie on different chro-
mosomes. They included the markers Stn67, Stn159, Stn171, and Stn195
used previously (Berner et al. 2009, 2010a), and additionally Stn28, Stn99,
Stn119, and Stn200 (Peichel et al. 2001). For the latter, we designed our own
primer pairs. PCR products were run on an ABI3130xl sequencer (Applied
Biosystems), and alleles scored manually in PeakScanner v1.0. Input files for
the different population genetic programs were prepared by using CREATE
(Coombs et al. 2008).
The microsatellite data were first used to estimate differentiation among
all 11 samples by Weir & Cockerham’s FST (Weir and Cockerham 1984) cal-
culated with GENETIX v4.0.5.2 (Belkhir et al. 2004) (P–values based on 999
permutations). To account for variation in heterozygosity within populations
(Hedrick 2005), we also calculated standardized FST after data transforma-
tion with RECODEDATA v0.1 (Meirmans 2006). Next, we tested whether
neighboring lake and stream samples qualified as genetically distinct popula-
tions by performing a genetic clustering analysis using STRUCTURE (v2.3.1;
Hubisz et al. 2009; Pritchard et al. 2000) separately in each lake–stream pair
(note that the COS system represents two pairs, both involving the same lake
sample). The assumed number of populations (K) ranged from one to three,
with each level replicated five times under the admixture and independent
allele model with 100’000 iterations (20’000 iterations burnin). An additional
analysis examined population structure among the 11 pooled samples, using
K = 1–12. STRUCTURE results were combined using Structure Harvester
v.0.6.92 (Earl and vonHoldt 2011), and interpreted following (Pritchard and
Wen 2004; Evanno et al. 2005).
The above analyses using rapidly evolving microsatellites were comple-
mented by a more coarse–grained investigation of genetic relationships based
on single nucleotide polymorphisms (SNPs) within a 305 bp segment of the
mitochondrial D–loop. Sample size was 18–32 individuals per site, 256 in
total. Primers and PCR amplification conditions were as in (Berner et
al. 2010a). Products were sequenced on an ABI3130xl sequencer (Applied
Biosystems). We used jModelTest v0.1.1 (Posada 2008) to determine the
most appropriate model of sequence evolution (‘F81’; Felsenstein 1981), iden-
tified the most probable genealogical relationship by the maximum–likelihood
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method implemented in PAUP* v4.0 (Swofford 2003), and generated a hap-
lotype genealogy for visualization following (Salzburger et al. 2011). All
D–loop sequences are deposited in GenBank (accession numbers JX436521–
JX436776).
1.4 Results
1.4.1 Phenotypic analyses
The otolith analysis revealed strong and highly consistent lake–stream diver-
gence in age at reproduction in all replicate systems in the LC basin (all P <
0.0015). Generally, stickleback on breeding grounds in the lake were in their
third calendar year (i.e., approximately two years old), with a few individu-
als breeding in their second or fourth calendar year (Fig. 1.2). By contrast,
stream stickleback essentially displayed an annual life cycle; individuals in
their third calendar year were rare, and no single fish was found to breed in
its fourth calendar year.
Lake–stream shifts in age at reproduction were paralleled by strong diver-
gence in body size, with lake fish on average exhibiting 27% greater size than
stream fish (lake mean centroid size across all systems: 80.4 mm; stream:
63.2 mm; P = 0.0001 in all systems) (Fig. 1.2). Translated to fresh body
mass, the average size difference was more than twofold (lake: 2.53 g; stream
1.19 g; a photograph of a representative lake and stream individual is shown
in Fig. S1 (Supplementary material)). Body size divergence was further as-
sociated with dramatic divergence in fecundity (Fig. 1.3): on average, the
(larger) lake females displayed a threefold higher number of eggs than the
stream females (284 versus 94; P = 0.0001). Egg size, however, did not differ
between the habitats (P = 0.51).
Our comparison of body size across global stickleback samples from lakes,
streams, and the sea indicated a clear difference in the variance in popula-
tion average size among the habitats. Strikingly, all stream populations
investigated displayed relatively similar average size, whereas the lake sam-
ples were much more variable (lake–stream difference in variance: P = 0.002;
Fig. 1.4). The latter included very small–bodied populations (Morton, Pye,
and Robert’s) as well as large–bodied populations (Boot, Joe’s). Body size
among marine stickleback also tended to be more variable than among stream
populations (marine–stream difference in variance: P = 0.065; note the small
sample size for marine fish, and hence low statistical power in this test).
In addition to the above life history patterns, our analysis of stomach
content revealed a very clear difference in prey utilization by lake and stream
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Figure 1.2: Age and body size at reproduction in lake and stream stickleback from
the Lake Constance basin. The top panels show body size (quantified as landmark–
based centroid size) histograms for each lake–stream system separately, with the lake
data pointing upward and the stream data pointing downward. Proportions are shaded
according to age class; individuals in their second, third, and fourth calendar year are
drawn in light gray, dark gray, and black. The bottom panel follows the same drawing
conventions, except that here the data are pooled across all systems within each habitat
type, and smoothed by LOESS (locally weighted scatterplot smoothing) for each age class
separately. Note the striking shift toward greater age and size at reproduction in lake
stickleback as compared to their conspecifics from streams.
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Figure 1.3: Fecundity in relation to body size in female stickleback from Lake Constance
and its tributary streams. Fecundity is expressed as number of eggs per clutch. Within
each habitat class, samples were pooled across different locations (lake: N = 22; stream:
N = 11).
stickleback, despite the modest sample sizes. In particular, our pelagic sam-
ple showed clearly that LC stickleback forage on zooplankton outside the
breeding grounds; the stomachs of these specimens contained exclusively
small pelagic crustacea (Table 1.2). By contrast, the stomachs of the stream
fish contained exclusively benthic prey (predominantly chironomid larvae and
benthic cladocera), highly consistent with data from streams on Vancouver
Island (Berner et al. 2008). Similar benthic prey was also found in the lake
fish collected on (littoral) breeding grounds, indicating a reproductive shift
in foraging mode in stickleback residing within LC.
In all three new lake–stream systems subjected to lateral plate morph
analysis (CON, COE, COS1), we found a trend toward plate reduction in
the stream as compared to the lake where fully plated fish predominated
clearly. The shift in plate morph frequency was particularly striking in the
COE system (P = 0.0001), paralleling a similar pattern found previously in
the COW system (Berner et al. 2010a). However, we found no relation-
ship between plate morph and body size at reproduction in any of the three
investigated stream samples (CON, COE, COW; all P ≥ 0.35).
1.4.2 Genetics
A striking pattern revealed by our eight microsatellite markers was the ab-
sence of population structure among the four geographically distant LC sam-
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Figure 1.4: Body size at reproduction in the global stickleback populations from lake,
stream, and marine habitats. Samples from the Lake Constance basin are pooled for each
habitat type (further details on the samples are given in the text). Error bars are one
standard deviation in each direction. The shaded boxes behind the symbols indicate the
body size range spanned by the standard deviations in each habitat. Note the low variance
in population mean size among the stream populations as compared to lake and marine
fish.
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ples. None of the six total pairwise FST values among these lake samples
exceeded 0.01 (all P ≥ 0.07) (Table 1.3). Genetic differentiation within the
lake–stream pairs was mostly modest as well, but sometimes reached substan-
tial values despite a much shorter geographic distance between the paired lake
and stream sites than among the lake sites (COE: FST = 0.18, P = 0.001;
COS2: FST = 0.08, P = 0.001). Microsatellite differentiation among the
stream samples was generally substantial, with FST averaging 0.10 (all P <
0.004 except CON–COS1, P = 0.13). Furthermore, our Rhine sample (RHI)
displayed strong differentiation from all samples in the LC basin (FST =
0.16–0.29), whereas differentiation between the Danube sample (DAN) and
stickleback from the LC basin was rather low. For instance, all five compar-
isons between DAN and LC samples produced FST ≤ 0.04 (P = 0.001–0.023).
The results from the STRUCTURE analysis agreed well with the FST–
based patterns. First, analyzing each system separately, STRUCTURE iden-
tified the system displaying the highest lake–stream differentiation (COE) as
consisting of two genetically distinct populations. The four other systems
qualified as a single population (details not presented). Analyzing all 11
samples together suggested two distinct genetic clusters. The first cluster
involved RHI and the stream site of COE, the second involved all other
populations from the LC basin plus the DAN sample. However, the STRUC-
TURE algorithm can perform poorly when faced with highly imbalanced
sample sizes (Kalinowski 2011). Indeed, most samples from the LC basin
were genetically so similar that they essentially formed one single large sam-
ple, which probably caused RHI and COE stream to cluster together despite
strong genetic differentiation (FST = 0.16). However, when analyzing only
RHI, COE stream, and a single lake sample together, three distinct popula-
tions were indicated, as expected based on FST .
Our mitochondrial D–loop sequencing identified six total SNPs, defining
five distinct haplotypes (Fig. 1.5). One of these haplotypes was clearly
predominant; it was either the only one discovered, or at least very frequent,
in all samples from the LC basin. Notably, this haplotype was also the
only one found in the DAN sample. By contrast, all individuals from RHI
exhibited a different haplotype shared only with some individuals from three
stream samples of the LC basin. Three additional haplotypes occurred at
low frequency, mainly in stream fish.
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Table 1.3: Pairwise genetic differentiation among the nine lake and stream stick-
leback samples from the Lake Constance basin, and the two solitary samples, based
on eight microsatellite markers.
CON
lake
CON
stream
COE
lake
COE
stream
COS
lake
COS1
stream
COS2
stream
COW
lake
COW
stream RHI DAN
CON
lake
0.00
(0.676)
0.01
(0.071)
0.18
(0.001)
0.01
(0.240)
0.02
(0.041)
0.10
0.001
0.00
(0.305)
0.05
(0.001)
0.27
(0.001)
0.03
(0.002)
CON
stream 0.00
0.00
(0.587)
0.15
(0.001)
0.00
(0.386)
0.01
(0.132)
0.06
(0.001)
0.00
(0.759)
0.03
(0.004)
0.25
(0.001)
0.02
(0.011)
COE
lake 0.02 0.00
0.18
(0.001)
0.00
(0.543)
0.02
(0.003)
0.07
(0.001)
0.00
(0.744)
0.04
(0.001)
0.28
(0.001)
0.03
(0.001)
COE
stream 0.55 0.46 0.50
0.20
(0.001)
0.17
(0.001)
0.21
(0.001)
0.17
(0.001)
0.13
(0.001)
0.16
(0.001)
0.17
(0.001)
COS
lake 0.02 0.00 0.00 0.56
0.01
(0.160)
0.08
(0.001)
0.00
(0.478)
0.03
(0.001)
0.28
(0.001)
0.04
(0.001)
COS1
stream 0.05 0.02 0.05 0.47 0.02
0.06
(0.001)
0.02
(0.053)
0.03
(0.002)
0.24
(0.001)
0.08
(0.001)
COS2
stream 0.22 0.13 0.15 0.52 0.17 0.12
0.08
(0.001)
0.11
(0.001)
0.29
(0.001)
0.12
0.001
COW
lake 0.00 0.00 0.00 0.48 0.00 0.05 0.17
0.02
(0.007)
0.26
(0.001)
0.02
(0.023)
COW
stream 0.13 0.08 0.10 0.40 0.07 0.07 0.25 0.05
0.21
(0.001)
0.06
(0.001)
RHI 0.69 0.64 0.66 0.46 0.66 0.56 0.62 0.62 0.54 0.26(0.001)
DAN 0.08 0.05 0.07 0.50 0.00 0.19 0.27 0.05 0.16 0.65
The upper semimatrix gives Weir and Cockerham’s FST estimator (Weir and Cockerham 1984), with P–values based on
999 permutations in parentheses (bold if P < 0.01). The lower semimatrix presents FST standardized by the maximum
differentiation possible given the observed magnitudes of within–population heterozygosity (Hedrick 2005).
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Figure 1.5: Haplotype network for the lake–stream stickleback pairs in the Lake Con-
stance basin and the solitary populations. The network is based on six single nucleotide
polymorphisms in the mitochondrial D–loop. The numbers give the total count for each
haplotype. Color codes are as in Fig. 1.1.
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1.5 Discussion
1.5.1 Life history divergence and implications for repro-
ductive isolation
Divergence in life history traits might strongly contribute to reproductive iso-
lation, and yet its role in speciation is little explored. We here investigated
life history in stickleback residing in Lake Constance and multiple tributary
streams, revealing dramatic divergence between the two habitats: lake fish
reproduce at much greater age and size than their conspecifics in the streams,
and these patterns coincide with much greater fecundity in females from the
lake. These findings parallel concurrent shifts in age and size at reproduction
and in reproductive investment reported from North American lake popula-
tions (Reimchen 1992; Baker et al. 2011; Gambling and Reimchen 2012).
The only life history trait that proved stable between lake and stream stick-
leback was egg size, possibly indicating similar stabilizing offspring viability
selection in both habitats (Parker and Begon 1986; Bernardo 1996).
Divergence in age and size at reproduction was highly consistent across
multiple replicate habitat pairs in the LC basin, and our genetic data indi-
cate clearly that this results from repeated evolution in stream stickleback.
The reason is that the stream samples consistently displayed strong mutual
microsatellite differentiation, contrary to the lake samples exhibiting negli-
gible differentiation. This pattern clearly rules out the possibility that the
different stream populations originate from a common ancestral stream stick-
leback population. Moreover, the rare D–loop haplotypes found in the LC
basin were mostly unique to specific stream samples (Fig. 1.5), consistent
with independent founder events (i.e., haplotype frequency shifts caused by
strong genetic drift in the small stream founder populations). Together, our
life history and genetic data thus argue strongly for the independent coloniza-
tion of the different tributaries by an essentially panmictic LC population,
followed by repeated life history evolution in stream stickleback.
Given the great magnitude of lake–stream divergence in body size, and
the general importance of this trait in mate choice and male aggressive inter-
actions in the species (Dufresne 1990; Nagel and Schluter 1998; Ishikawa and
Mori 2000; McKinnon et al. 2004, 2012; Albert 2005; Boughman et al. 2005),
the observed life history shifts might well contribute to reducing gene flow
across the lake–stream habitat transitions. Indeed, our FST–based analysis
revealed substantial lake–stream differentiation within some systems (with
values reaching 0.18), and STRUCTURE identified two distinct populations
in one of them. This allows us to infer the presence of strong reproductive
barriers at a small spatial scale, consistent with findings from lake–stream
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systems in Pacific North America (Berner et al. 2009; Deagle et al. 2012;
Kaeuffer et al. 2012; Roesti et al. 2012a). Note that the weak marker diver-
gence seen in some of our systems (CON, COS1; FST ≤ 0.01) does not conflict
with this conclusion; because the colonization of the LC basin is presumably
relatively recent (see below), detecting reproductive isolation with neutral
markers is expected to be difficult (Berner et al. 2010a; Thibert–Plante and
Hendry 2010). The presence of effective habitat–related reproductive bar-
riers is also supported by the consistent and sometimes substantial (COE,
COW) lake–stream divergence in plate morph frequency (Fig. S3 (Supple-
mentary material)). This divergence has a strong genetic basis (Berner et
al. 2010a) and would not have arisen, or be maintained, in the absence of
effective barriers to gene flow. Nevertheless, the extent to which the observed
lake–stream shifts in life history actually contribute to reproductive isolation
cannot be evaluated based on the present data.
1.5.2 Mechanisms of life history divergence
In many organisms, the transition of resource allocation from growth to re-
productive life is governed by critical maturation size thresholds (reviewed in
Bernardo 1993; Berner and Blanckenhorn 2007). Although not investigated
in detail, this seems to hold for stickleback as well (Craig–Bennett 1931;
Baggerman 1972): as long as an individual has not attained this threshold,
environmental cues signaling spring conditions will not trigger maturation
and reproductive behavior. On the basis of this maturation control, we pro-
pose two not mutually exclusive hypotheses explaining life history divergence
in lake–stream stickleback in the LC basin. First, assuming similar growth
rates in both habitats, lake fish might exhibit a relatively higher maturation
size threshold (due to genetic divergence and/or phenotypic plasticity) that
they generally cannot attain within one year. Only after two years of growth,
lake fish would exceed their maturation threshold and start reproducing –
and at that time also be much larger than the stream fish reaching their
threshold size within one year (Berner and Blanckenhorn 2007). This hy-
pothesis is plausible: body size divergence among populations of ninespine
stickleback is attributable to genetically–based divergence in maturation size
thresholds (Herczeg et al. 2009; Shimada et al. 2011).
Alternatively, maturation size thresholds might be similar among the
populations, but growth rates might be lower in lake fish than in tributary
stream populations (again due to genetic divergence, phenotypic plasticity,
or both). The consequence would be the same as above: lake fish would
require two years of growth to attain their maturation threshold, but mature
larger (Berner and Blanckenhorn 2007). Indeed, our study provides evidence
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of differential growth rates between the habitats. As the analysis of stomach
content suggests, stickleback inhabiting LC exploit exclusively zooplankton
prey outside the breeding grounds. These fish are also an occasional by–catch
in off–shore drift nets (personal communications from LC fishermen), and are
absent from littoral habitat outside the breeding season (DM, personal ob-
servation). Moreover, for a freshwater population, stickleback in LC display
extremely long gill rakers (Berner et al. 2010a), a character state generally
associated with zooplankton exploitation (Robinson and Wilson 1994) and
typical of pelagic marine stickleback (Berner et al. 2010b). Stickleback re-
siding within LC thus display a pelagic life style, with a foraging niche shift
during the reproductive period (see also Bentzen et al. 1984). Note also that
the LC fish provide a rare example of a freshwater population almost fixed
for the full lateral plate morph (Fig. S3 (Supporting information)), a pheno-
type presumably favored in pelagic populations highly exposed to vertebrate
predation (Reimchen 1994a). (We found no evidence, however, for a direct
relationship between plate phenotype and life history traits.).
By contrast, stream populations in the LC basin exploit exclusively ben-
thic resources. Within the LC basin, we thus find similarly strong divergence
in foraging modes as seen in the most ecologically divergent lake–stream pairs
on Vancouver Island, Canada (Berner et al. 2008, 2009; Kaeuffer et al 2012).
This difference in resource use might directly induce differential growth per-
formance between the habitats, as benthic foraging generally seems to allow
for a higher growth rate than pelagic foraging (Schluter 1995; Taylor et al.
2012). Direct evidence for divergence in growth rates comes from a small sam-
ple of juvenile stickleback captured during the breeding season at the edge of
the breeding ground at the COE lake site (non–reproductive status was con-
firmed by dissection; testes and ovaries were poorly developed). These fish
displayed body sizes clearly below those of stream stickleback (43–49 mm,
N = 3), and yet otolith analysis confirmed that they were already one year
old. It thus appears plausible that a lower growth rate in lake stickleback,
induced by a relatively poor pelagic resource base, underlies the lake–stream
divergence in life history observed within the LC basin (acknowledging the
possibility that differential growth rates in the two habitats has a genetic
component).
The direct induction or genetically based evolution of an annual life cycle
in response to more profitable benthic resources in streams would explain
the relatively low variance in average body size across stream populations
from different geographic regions (Fig. 1.4). The reason is that the resource
spectrum used by stream stickleback is highly consistent across global popu-
lations, while lake populations are more variable in resource use (Gross and
Anderson 1984; Berner et al. 2008, 2009; Kaeuffer et al. 2012). If variation
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in population mean size was (at least partly) a consequence of resource–
dependent variation in growth rate, we would indeed expect lake population
means to be more variable than stream means. We note, however, that small–
sized lake populations are not necessarily benthic–foraging. For instance, the
lake population with the smallest average size in Fig. 1.4 (Pye Lake, Vancou-
ver Island) exploits a strictly pelagic food base (Berner et al. 2008). Hence,
factors other than food resources (e.g., predation in Moodie and Reimchen
1976; McPhail 1977) likely contribute to the presumably greater life history
diversity in lake (and perhaps marine) stickleback than in stream stickleback.
Body size divergence through resource–mediated plasticity in growth rate
might play a particularly important role in reproductive isolation. The reason
is that this divergence would occur, and potentially influence sexual interac-
tions, within a single generation after the colonization of a stream by lake fish
(West–Eberhard 2003; Thibert–Plante and Hendry 2011). It would therefore
be crucial to quantify environmental and genetic contributions to life history
divergence in stickleback from the LC basin and elsewhere.
1.5.3 Origin of stickleback in the lake constance basin
Consistent with a previous population genetic investigation (Lucek et al.
2010), our genetic analyses indicate that the populations in the LC basin do
not originate from colonization by stickleback residing in the Rhine down-
stream of LC. However, we find that stickleback in the LC basin are geneti-
cally very closely related to those occurring in the nearby Danube drainage:
pairwise differentiation between Lake Constance samples and DAN was con-
sistently low (FST ≤ 0.04), and the only D–loop haplotype found in DAN
was the one also predominant in the LC basin. Is it possible that LC stick-
leback derive from a source population from the Black Sea region that col-
onized naturally via the Danube? A population genetic study in European
perch (Perca fluviatilis) (Behrmann–Godel et al. 2004) and geological data
(Keller and Krayss 2000) suggest the existence of such a temporary colo-
nization route during the last glacial retreat. In fact, a connection between
the Danube drainage and the LC basin still persists today, as the source of
the stream sampled at the CON stream site is formed by water captured
from the Danube headwaters through a sinkhole and a 12 km underground
stream (Hötzl 1996). Whether this allows for fish dispersal has not been
investigated.
A scenario of colonization via the Danube, however, is challenged by the
absence of stickleback from the entire Danube drainage reported in the nine-
teenth century (Heller 1971), p. 319; the species was already present in
the LC basin at that time), although the reliability of this information is un-
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known. Moreover, stream–resident stickleback are generally low–plated (e.g.,
Hagen 1967; Reimchen et al. 1985; Hendry and Taylor 2004; Raeymaekers et
al. 2007; Gelmond et al. 2009). The incomplete shifts toward the low–plated
morph in our stream samples from the LC basin, along with the low haplo-
type diversity within the basin, might thus be taken as tentative support of a
relatively recent origin, perhaps due to human introduction. More extensive
phylogeographic data from Central and Eastern European populations are
needed for a better understanding of the origin and age of stickleback in the
LC basin and the Danube drainage.
1.5.4 Conclusion
We have shown strong, repeated, and possibly rapid life history divergence
between lake and stream stickleback in the Lake Constance basin, sometimes
coinciding with substantial differentiation in neutral markers. Our compar-
ison of body size patterns across global populations and habitats, combined
with data from other stickleback systems, further suggests that life history
divergence is very common in this species. Our study opens up several im-
portant avenues for further investigation: first, experimental work should
uncover the mechanistic basis of life history shifts; are they due to differences
in maturation size thresholds, in growth rate, or both? Second, the relative
contribution of phenotypic plasticity versus genetic change to life history di-
vergence should be quantified, and the ecological basis of divergence (e.g.,
contrasting trophic environments, differential predation regimes) should be
identified. Finally, great efforts will be needed to understand whether life
history divergence is primarily an aspect of adaptive divergence facilitated
by already existing barriers to gene flow, or whether life history divergence
itself is a major source of reproductive isolation between lake and stream
populations.
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Preface: The three experiments in chapter 2 were all done in parallel.
Hence, I learned very valuable lessons in scheduling and fish husbandry. Ad-
ditionally, I largely improved my field expertise during that time. First, I
had to find suitable creeks for my transplant experiment. Second, I had to
convince the fisheries authorities, tenants, local fishermen and farmers from
three countries with different regulations that my experiment would not in-
terfere with their activities. Finally, I had to design, build and install the
cages. Luckily, my cage design worked out, making it possible to recycle the
cages for the main experiment in chapter 3.
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2.1 Abstract
Speciation can be promoted by phenotypic plasticity if plasticity causes pop-
ulations in ecologically different habitats to diverge in traits mediating repro-
ductive isolation. Although this pathway can establish reproductive barriers
immediately and without genetic divergence, it remains poorly investigated.
In threespine stickleback fish, divergence in body size between populations
represents a potent source of reproductive isolation because body size often
influences reproductive behavior. However, the relative contribution of phe-
notypic plasticity and genetically based divergence to stickleback body size
evolution has not been explored. We here do so by using populations re-
siding contiguously in Lake Constance (Central Europe) and its tributaries,
a system where lake fish exhibit strikingly larger size and greater age at
maturity than stream fish. Laboratory experiments reveal the absence of
substantial genetic divergence in intrinsic growth rates and maturation size
thresholds between lake and stream fish. A field transplant experiment fur-
ther demonstrates that lake fish display the life history typical of stream
fish when exposed to stream habitats for one year, confirming that life his-
tory divergence in this system is mainly plastic. This plasticity appears to
be driven by restricted food availability in the lake relative to the stream
habitat. We thus propose that in this stickleback system, the exploitation
of different trophic niches immediately promotes reproductive isolation via
resource–based plasticity in life history.
2.2 Introduction
The formation of new species is often initiated by the divergence of popula-
tions into selectively different habitats (Rice 1987; Schluter 2000; Rundle and
Nosil 2005; Sobel et al. 2010; Nosil 2012). Generally, two key elements are
implicitly assumed to govern this process: first, divergent selection on phe-
notypes between habitats drives allele frequency shifts between populations
at underlying genetic loci. Second, this genetically based (i.e., heritable)
divergence generates some degree of reproductive isolation between the pop-
ulations, for instance through performance tradeoffs between the habitats
(Hendry 2004; Nosil et al. 2005; Thibert–Plante and Hendry 2009), or di-
vergence in reproductive behavior (Coyne and Orr 2004; Ritchie 2007; Maan
and Seehausen 2011; Thibert–Plante and Gavrilets 2013). Although it is
debatable how fast reproductive isolation through this pathway can emerge
(Hendry et al. 2007; Gavrilets et al. 2007; Nosil 2012), selection over multiple
generations is certainly needed to achieve the underlying genetic divergence
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– even when selection is strong and genetic variation is abundant.
However, a faster pathway to speciation can occur when the exposure
to ecologically different habitats directly causes divergence between popu-
lations through phenotypic plasticity (i.e., not via allele frequency shifts),
and this divergence drives reproductive isolation. For example, if plasticity
generates adaptive population differentiation prior to dispersal, gene flow be-
tween habitats will be impeded by selection against migrants (Crispo 2008;
Thibert–Plante and Hendry 2011; Fitzpatrick 2012). Similarly, plasticity
might cause phenotypic divergence in traits mediating reproductive interac-
tions, such as mating cues or phenology (Levin 2009), and thereby produce
assortative mating. In all these scenarios involving phenotypic plasticity, re-
productive barriers will arise within a single generation and set the stage for
further divergence through allele frequency changes. Despite this potentially
important role of plasticity in speciation, however, research efforts are gener-
ally directed to deciphering how genetically based trait differences between di-
verging populations contribute to reproductive isolation (e.g., Hatfield 1997;
Hawthorne and Via 2001; Lexer et al. 2004; Rogers and Bernatchez 2006;
Terai et al. 2006; Rego et al. 2007; Fuller 2008; Kitano et al. 2009; Lowry
and Willis 2010; Berner et al. 2011; Streisfeld et al. 2013; Arnegard et al.
2014; Chung et al. 2014; but see Payne et al. 2000; Kozak et al. 2011; Smith
et al. 2013).
In the present study, we begin an investigation of the potential role of
phenotypic plasticity in speciation by using populations of threespine stick-
leback fish residing in contiguous lake and stream habitats (Reimchen et al.
1985; Lavin and McPhail 1993; Hendry and Taylor 2004; Berner et al. 2009;
Ravinet et al. 2013). We focus on lake–stream stickleback populations oc-
curring in the Lake Constance basin in Central Europe (Berner et al. 2010a;
Lucek et al. 2010; Chapter 1). In this system, stickleback exploit two dis-
tinct trophic niches: lake fish feed pelagically (i.e., in the open–water) on
zooplankton during most of their life, whereas stream fish feed exclusively on
benthic (bottom–dwelling) macroinvertebrates (Berner et al. 2010a; Lucek
et al. 2012; Chapter 1). This differential habitat use is paralleled by substan-
tial divergence in putatively neutral genetic markers over small geographic
scales (Berner et al. 2010a; Chapter 1). Because Lake Constance stickleback
invade tributaries during the breeding season, providing the opportunity for
genetic exchange between lake and stream fish, the small–scale genetic struc-
ture indicates the presence of at least partial barriers to gene flow between
the habitats.
The nature of these barriers is presently unknown but might be related
to divergence in life history. Specifically, stickleback in the Lake Constance
basin display strong lake–stream divergence in age and size at reproduction:
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Lake Constance fish generally start reproducing when they are 2 years old
and large, while their counterparts in the tributaries typically die after re-
producing at one year of age and at only half the body mass of the lake
fish (Fig. 2.1a) (Lucek et al. 2012; Chapter 1). Experimental evidence
from other threespine stickleback systems suggests that this life history di-
vergence might be an important component of reproductive isolation. The
reason is that stickleback mate choice has often been found to be positively
size–assortative, with both females and males mating preferably with con-
specifics of matching size (Nagel and Schluter 1998; Ishikawa and Mori 2000;
McKinnon et al. 2004, 2012; Albert 2005; Boughman et al. 2005; Conte and
Schluter 2013; but see Raeymaekers et al. 2010). Similarly, the outcome of
aggressive territorial interactions among males has been shown to be body
size–dependent (Dufresne et al. 1990; Nagel and Schluter 1998). We have
therefore suggested that the divergence in body size observed in the Lake
Constance system might contribute to reproductive isolation between lake
and stream populations (Chapter 1). An important step in exploring this
idea is to understand the relative contribution of adaptive genetic divergence
versus phenotypic plasticity to life history divergence, since these alternative
mechanisms determine how rapidly reproductive isolation can emerge.
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Figure 2.1: a) Reproductive stickleback from Lake Constance and an inlet stream
(NID). Females are on top, males (in breeding dress) on the bottom. b) In the wild, Lake
Constance stickleback display roughly twice the body size of stickleback populations resid-
ing in tributaries (BOH, NID, HOH). Error bars are parametric 95% confidence intervals.
We here present such an investigation based on predictions from a mech-
anistic model of resource allocation. In particular, it is a general feature of
animal ontogeny that the transition from a primarily somatic growth phase to
the reproductive stage is governed by a maturation size threshold (reviewed
in Bernardo 1993; Nijhout 2003; Berner and Blanckenhorn 2007; for evidence
from threespine stickleback see Craig–Bennett 1931). Based on this recogni-
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tion, the divergence in life history between lake and stream stickleback might
be achieved in two ways: first, lake and stream fish share a common matu-
ration size threshold, but lake fish grow more slowly than stream fish (Fig.
2.2a). As a consequence, only stream stickleback reach the maturation size
threshold within one year of growth and can thus respond to the photoperi-
odic cue (critical day length) that triggers reproduction (Craig–Bennett 1931;
Baggerman 1985). Second, lake and stream fish exhibit similar growth tra-
jectories but lake fish have a higher maturation size threshold than stream
fish (Fig. 2.2b; see also Shimada et al. 2011). Consequently, again only
stream stickleback manage to enter the reproductive stage after one year of
growth. It is important to note that these two mechanisms of life history
divergence are not mutually exclusive, and that both may be influenced by
genetically based divergence, phenotypic plasticity, or a combination of the
two.
To shed light on these different possibilities, we use laboratory exper-
iments examining if lake and stream populations have evolved genetically
based differences in the intrinsic growth rate, and/or in the maturation size
threshold. These experiments are complemented by a field transplant exper-
iment to evaluate to what extent life history is phenotypically plastic. As
we will show, these experiments together indicate a key role of plasticity in
life history divergence between lake and stream stickleback, with potentially
important consequences for speciation in the face of gene flow.
2.3 Material and methods
2.3.1 Study populations and generation of experimental
lines
All our experiments described below were performed by using F1 individuals
derived in the laboratory from stickleback caught from one Lake Constance
site and from three inlet stream populations. Consistent with previous work,
the lake population was sampled in Romanshorn (for geographic details see
Berner et al. 2010a or figure 1.1 and table 1.1 in chapter 1). A single
sample was adequate to represent Lake Constance stickleback because they
are known to form a large, genetically well–mixed population (Berner et al.
2010a; Chapter 1). The stream populations are those from Bohlingen (BOH),
Nideraach (NID), and Hohenems (HOH) (Berner et al. 2010a; Chapter 1).
Sampling occurred with unbaited minnow traps during the breeding season
(early May 2013). The collected individuals were immediately transferred
to the laboratory to perform artificial crosses. All crosses were made within
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Figure 2.2: Alternative models of life history divergence between lake and stream
stickleback. a) Lake (L) and stream (S) fish share a common maturation size threshold
(MST) but differ in growth rates. Stream fish grow fast and reach critical size by one year
of age. They thus respond to the first photoperiodic cue (gray vertical bar) by maturing
and reproducing, followed by senescence and death. By contrast, body size in the relatively
slow–growing lake fish is still below the maturation size threshold after one year, so that
the first photoperiodic cue cannot trigger reproduction. Instead, lake fish continue to
invest in somatic growth. After 2 years, the lake fish have grown beyond critical size
(and beyond the size of reproductive stream fish) and are ready to mature. b) Lake and
stream fish share similar growth rates but exhibit different maturation size thresholds. A
relatively low size threshold in stream fish allows them to mature after one year, whereas
a higher critical size in lake fish allows reproduction after 2 years only. Both models lead
to the joint divergence in age and size at maturity.
a window of 3 weeks, and each specimen was used for a single cross only.
We generated 12 pure lake crosses and ten pure crosses for each stream
population. The 84 total parental individuals and some surplus fish not used
for crossing (lake: N = 11; BOH: N = 10; NID: N = 6; HOH: N = 7) were
killed with an overdose of Koi Med Sleep (phenoxyethanol; Fishmed, Rain,
Switzerland), weighed to the nearest 0.01 g, and stored in absolute ethanol.
Following the protocol described in chapter 1, we subsequently determined
otolith–based age at reproduction. All these field–caught fish (grand total
N = 118) were used to confirm that the lake–stream divergence found in
chapter 1 was constant across years (i.e., samples from 2010 vs 2013), and to
compare life histories between experimental and wild fish.
Embryonic development of the F1 generation occurred in four well aerated
100 L tanks, with 2 g NaCl and 80 µl Fungol (JBL, Neuhofen, Germany)
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per liter to prevent fungus infection (none observed). For hatching, each
clutch (family; N = 42) was transferred to an individual 15 L ‘hatching tank’
connected to a flow–through system. We used a rearing temperature of 16
◦C and a 16:8 h light–dark (LD) summer photoperiod. Hatchlings were fed
live Artemia nauplii ad libitum twice a day during the first 2 weeks, and then
additionally frozen copepods (Cyclops).
2.3.2 Laboratory experiment 1: genetically based diver-
gence in growth trajectories
In our first laboratory experiment, we tracked stickleback body mass (our
body size measure) over one year to investigate whether lake and stream
populations have evolved different intrinsic growth trajectories. Based on
the ontogenetic model above, our specific prediction was that stream fish
display steeper trajectories (Fig. 2.2a).
This experiment involved the Lake Constance (hereafter simply ‘lake’)
population and two stream populations (BOH and NID). Three weeks after
hatching, we haphazardly selected 40 individuals from each hatching tank
and divided this sample into two replicate 15 L tanks connected to the same
flow-through system (resulting in 84 total tanks with 20 individuals each).
As a resource for the other experiments described below, the remaining fish
were transferred from the hatching tanks to 100 L ’stock tanks’, pooling all
families within each population. Although this precluded subsequent track-
ing of the source families, the number of individuals per family was relatively
similar and mortality was near zero, thus ensuring a balanced contribution
to the stock tanks across families. The fish used for the growth trajectory
experiment and those in the stock tanks received exactly the same temper-
ature, light, and food treatment. Specifically, the temperature was 16 ◦C
throughout the experiment. The photoperiod was initially 16:8 h LD (‘sum-
mer’) but was reduced to 12:12 16 weeks post–hatch and to 8:16 (‘winter’)
22 weeks post–hatch until the end of the experiment. The winter photope-
riod was used to avoid the transition to reproduction toward the end of the
experiment. All fish were fed ad libitum twice a day. We provided a mix of
live Artemia nauplii and frozen Cyclops during the first 9 weeks, and then a
combination of frozen bloodworms (chironomid larvae), frozen Cyclops, and
decapsulated Artemia eggs. This latter diet included prey taxa consumed by
both limnetically foraging lake stickleback and benthically foraging stream
stickleback populations in the wild (e.g., Berner et al. 2008, 2010a; Chapter
1).
In the course of the growth trajectory experiment, the number of individ-
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uals per tank was reduced from initially 20 down to 15 (10 weeks post–hatch),
13 (29 weeks), and 11 (32 weeks), eliminating individuals haphazardly. The
rationale of this reduction was to avoid excessive crowding, and to maintain
similar densities of individuals across the tanks (although mortality was very
low). Starting 9 weeks post–hatch, ten fish per tank were chosen haphaz-
ardly, weighed to the nearest 0.01 g, and returned to their tank. This was
repeated every 5 weeks, resulting in nine rounds of measurement and a total
experimental period of one year. In each round except the last, measure-
ments were conducted within 7 days or less. The ninth round was performed
in the exact order of hatching over a window of 14 days and included all
remaining fish per tank (mean: 10.7).
2.3.3 Laboratory experiment 2: genetically based diver-
gence in maturation size thresholds
The second laboratory experiment tested the prediction derived from the
ontogenetic model that lake fish have evolved an elevated maturation size
threshold relative to stream fish (Fig. 2.2b). Our experimental strategy
was to transfer stickleback from both habitats from a winter to a summer
photoperiod (i.e., to provide the photoperiodic maturation cue) at body sizes
well below the size of reproductive lake fish in the wild. Our expectation was
that if maturation size thresholds have diverged between the habitats, lake
fish would display a lower propensity to respond to the cue and become
mature than stream fish.
This experiment used lake and NID stream individuals chosen haphaz-
ardly from the corresponding stock tanks and was conducted in a separate
room with 16 ◦C and a summer photoperiod. The room was equipped with
fifty 15 L tanks. Each tank was furnished with 400 ml of sand and fine gravel,
200 nylon threads of 5 cm length (both to allow males to build a nest), and
a plastic plant. To start the experiment, each tank was stocked with a single
individual whose body mass had been recorded. Visual contact among tanks
was allowed. The fish were fed Cyclops and frozen bloodworms ad libitum
twice a day. Before feeding, we inspected the reproductive status of each
individual. Females were considered reproductive if they produced a ripe
clutch that could be stripped. Males qualified as reproductive if they dis-
played breeding dress (bluish iris and orange jaw and throat) and maintained
a nest. In a few cases where the latter criterion was ambiguous, we presented
a gravid female to the male. If the male then displayed and entered its nest,
it was considered reproductive. The sex of individuals not mature at the end
of the experiment was determined by dissection.
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The experiment was conducted in three rounds, starting 32, 39, and 46
weeks post–hatch, each lasting 45 days. All experimental fish had thus ex-
perienced at least 10 weeks of winter photoperiod in the stock tanks. Total
sample size was 150, with 81 lake fish (N = 34, 20, and 27 in the rounds
1, 2, and 3) and 69 NID stream fish (N = 16, 30, 23). Mortality was zero,
but eight fish showed low food uptake and apathy and were excluded from
analysis.
2.3.4 Field transplant experiment: life history plasticity
The above experiments were performed under standardized environmental
conditions to detect genetically based differences in ontogenetic determinants
between lake and stream stickleback. However, to explore phenotypic plastic-
ity in life history, a field experiment was needed. Our approach was to release
juvenile lake stickleback produced in the laboratory into stream enclosures,
and to track growth and the propensity to mature until the beginning of
the subsequent reproductive season. Our expectation was that if the ob-
served life history divergence in the wild is primarily genetically based, lake
fish should maintain their typical life history phenotype (i.e., large size and
delayed maturation) even when developing in stream habitats. Conversely,
a strong phenotypically plastic component to life history divergence would
cause transplanted lake fish to express the typical stream phenotype (i.e., re-
production at small size after one year). We note that ideally, this experiment
would have included reciprocally transplanting stream fish to lake enclosures.
However, technical constraints and difficulties in maintaining an adequate
pelagic foraging environment within lake enclosures over a long time period
(e.g., avoiding the establishment of zoobenthos on enclosure walls) precluded
transplants in this direction.
Our field experiment involved nine total enclosures, three of which were
constructed near each of our three stream sampling sites (details given in
Table S1 (Supplementary material)). Trapping confirmed that stickleback
occurred naturally at each site. The enclosures were built by fitting per-
forated metal plates (4 mm diameter holes; 58% passage) vertically in the
stream bed and shore, enclosing stream segments of 6 m length. The enclo-
sures were oriented parallel to the shore, such as to reach approximately 1
m from the water’s edge into the streams (Fig. S4 (Supplementary mate-
rial)). The bottom and shore area within the enclosures was natural, and
to minimize disturbance, construction work was performed 6 weeks prior to
fish release (early June 2013). At this point, we also removed all adult and
as many juvenile stickleback as possible by extensive minnow trapping and
electrofishing. All enclosures were covered with a fine 40 mm nylon net to
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prevent bird predation.
To begin the experiment, two enclosures per site were stocked with (for-
eign) lake stickleback. As a control, the third enclosure at each site was
stocked with individuals from the corresponding stream population (locals).
The number of individuals released was 30 per enclosure, selected haphaz-
ardly from the laboratory stock tanks. Since the enclosures allowed the en-
trance of small juvenile stickleback from outside, we marked all experimental
fish by clipping the second dorsal spine. The same treatment was also ap-
plied to 80 fish from the stock tanks that were subsequently maintained in
the laboratory. This confirmed that clipping had no growth or survival con-
sequences, and that this marking was irreversible and unambiguous. The
releases occurred 8 weeks post–hatch (July 23, 2013). At that point, the
mean mass of the released fish was 0.1 g (approximately 20 mm standard
length) and did not differ among the populations (details not presented).
The enclosures were subjected to minnow trapping 10, 14, 18, 23, 31,
and 36 weeks after the release at the HOH site, and after 10, 14, 31, and
36 weeks at the BOH and NID sites. (To reduce work load, and because
we expected little growth during winter, only one site was sampled during
wintertime.) Unmarked resident fish that had entered the enclosures were
always removed. Experimental fish were counted, weighed, and returned to
their enclosure. During the last visit (March 27–April 2, 2014), all experi-
mental fish were additionally inspected for reproductive status, euthanized,
and stored in absolute ethanol. Individuals were considered reproductive if
they displayed mature ovaries (females), or breeding dress (males), the former
determined by dissection.
2.3.5 Data analysis
To compare growth trajectories among the laboratory populations, we first
averaged individual body mass measurements across the two replicate tanks,
yielding a single data point per family and measurement round. Because
hatching of the experimental families extended over 3 weeks but body mass
measurements were generally performed within one–week windows irrespec-
tive of hatching date, combining body mass data across families within
populations required standardizing for age. We did so by using locally
weighted scatterplot smoothing (LOESS, a non–parametric regression; Cleve-
land 1979). Based on a first–order polynomial and a smoothing span of 0.75,
we predicted for each family the body mass at standardized ages defined by
the latest–hatching families. We also used LOESS to visualize population–
specific mean growth trajectories and their associated 95% confidence bands
(implemented in the ggplot2 R package; Wickham 2009).
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To examine if the lake and the NID populations differed in their propen-
sity to mature at the endpoint of the experiment (i.e., after 45 days), we
analyzed the individual incidence of maturation in a generalized linear model
with binomial error structure and experimental round and population as pre-
dictors. Because females and males differ in their reproductive physiology,
this analysis was performed separately for each sex. P–values of the model
terms and their interaction was established through (non–parametric) permu-
tation (Manly 2007). We here randomized the response over the predictors
9999 times and used the distribution of the z–value of each model term across
the iterations to derive P–values.
To test for differences in body mass among the enclosures at end of the
field transplant experiment (week 36 post–release), we used a linear model
with body mass as response and enclosure as predictor. Data from each
site were analyzed separately. P–values were established by permutation as
above, using the model’s F–value as test statistic. We also tested for each site
if the stream fish raised in the (control) enclosure differed in size from their
wild local counterparts at the end of the experiment. P–values were again
generated by permutation, using the difference in population means (wild
minus enclosure) as test statistic. All analyses and graphing were performed
in the R statistical environment (R Development Core Team 2014).
2.4 Results
2.4.1 Life history divergence in the field
The field specimens collected in 2013 for the present study displayed life
histories fully consistent with those observed earlier (Chapter 1): body mass
at reproduction was roughly twice as high in Lake Constance fish as in stream
fish (Fig. 2.1b). Similarly, the lake population displayed an average age at
reproduction of 2.1 years (range 1–3 y), as opposed to 1.2 years in stream fish
(range 1–2 y). Life history divergence between lake and stream stickleback
in the Lake Constance basin is thus temporally stable.
2.4.2 Laboratory experiments
Our first hypothesis, a genetically determined lower growth rate in lake fish
compared to stream fish, was clearly refuted by the analysis of growth trajec-
tories. Although growth trajectories diverged in the course of the experiment,
with the NID population growing slower than the other two populations, this
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difference was in the direction opposed to our prediction (Fig. 2.3). If any-
thing, the intrinsic growth rate is higher in lake than stream fish.
In the maturation size threshold experiment, mean body mass in the be-
ginning of all experimental rounds was substantially below the mean mass at
reproduction observed in any population in the wild (range across all com-
binations of population, sex, and experimental round: 0.63–1.28 g, Table S2
(Supplementary material); compare to Fig. 2.1b). Because body mass tended
to increase from the first to the third experimental round (Table S2 (Sup-
plementary material), we also observed an increasing propensity to mature
over the experimental rounds (Fig. 2.4) (experimental round term, females:
P < 0.001; males: P = 0.16). Combining across the sexes and populations,
the incidence of maturation rose from 46%(round 1) to 84%(round 2) and
93%(round 3).
The key outcome of the maturation size threshold experiment, however,
was a lack of a difference in the propensity to mature between Lake Con-
stance and NID stream in males (population term: P = 0.68; round by
population interaction: P = 0.33), and a difference in the direction opposed
to our prediction in females (population: P = 0.007; interaction: P = 0.99)
(Fig. 2.4). However, the latter population difference should be taken with
caution; due to slight differences in growth trajectories between the lake and
NID populations (see above), lake fish were slightly larger than stream fish in
the beginning of each experimental round. Combining across the sexes and
experimental rounds, the overall propensity to mature was similar between
lake and stream fish (75 and 72%). We further observed that across all exper-
imental fish, individuals larger than 1 g at the start of an experimental round
(N = 41) always matured (Fig. S5 (Supplementary material)). The mini-
mum mass absolutely required for maturation could not be determined with
confidence because the number of very small experimental individuals was
insufficient, but is clearly below 0.5 g (Fig. S5 (Supplementary material)).
Taken together, the maturation size threshold experiment demonstrates
that both lake and stream fish can mature at body sizes much smaller than
the typical size at reproduction seen in all populations in the wild. We find
no support for the hypothesis that the switch to the reproductive stage is
genetically determined to occur at a larger size in lake than in stream fish.
2.4.3 Field transplant experiment
At the NID field site, no individual in the two lake transplant enclosures
survived longer than 10 weeks. Since we were interested in life history phe-
notypes expressed over longer time frames, this site had to be omitted from
analysis.
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Figure 2.3: a) Growth trajectories of the Lake Constance and two stream stickleback
populations over 40 weeks under common garden conditions. Shown are mean trajecto-
ries across the replicate families within each population, along with the associated 95%
confidence bands.
At the BOH site, the transplanted lake stickleback were larger at the end
of the experiment (week 36) than their stream conspecifics in the enclosures
(Fig. 2.5; P = 0.005). However, this result was based on a single lake
enclosure because sometime between week 31 and 36, damage to the other
lake enclosure allowed all experimental fish to escape. Analyzing the data
from week 31, when both lake enclosures were still intact, we detected no
body mass difference among the enclosures (P = 0.07). Similarly, there was
no indication of body mass differences among the enclosures at the end of
the experiment at the HOH site (P = 0.3).
At both the BOH and HOH site, control stream stickleback in the en-
closures displayed slightly lower body mass at the end of the experiment
than the corresponding resident stream population (Fig. 2.5, compare to
Fig. 2.1b; BOH P < 0.001, HOH P = 0.02). However, this difference is
not surprising because the enclosure experiment ended in March whereas the
field populations (parental fish used to create the experimental fish) were
sampled in May. We thus conclude that the growth trajectories displayed
by stickleback within the enclosures are qualitatively similar to those of the
wild local stream populations.
In all enclosures, stickleback started to mature toward the end of the ex-
periment. At the BOH site, this was true for all individuals in the remaining
lake enclosure (N = 4), and for 64% of the individuals in the stream enclosure
(N = 17). At HOH, 28 and 50% of the transplanted lake fish matured (N =
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Figure 2.4: a) The proportion of stickleback from the Lake Constance population (black)
and a stream population (NID; gray) becoming reproductive during the maturation size
threshold experiment, presented separately for females and males. The line styles designate
the three experimental rounds (dotted, dashed, and solid for round 1, 2, and 3) and the
numbers indicate sample sizes.
18 and 22), and a similar proportion of stream fish (44%, N = 27).
To summarize, the main insight from the field transplant experiment is
that lake fish raised in replicated stream environments readily start repro-
ducing after a single growing season. Further, they do so at body sizes typical
of stream fish – that is, much smaller than the typical reproductive lake fish.
Phenotypic plasticity thus causes a major life history shift within a single
generation in Lake Constance stickleback.
2.5 Discussion
2.5.1 The mechanism of life history divergence between
lake and stream stickleback
The objective of this study was to combine multiple experiments to identify
the mechanism(s) underlying life history divergence among stickleback pop-
ulations in the Lake Constance basin. In this system, lake fish have been
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Figure 2.5: a) Reproductive stickleback from Lake Constance and an inlet stream
(NID). Females are on top, males (in breeding dress) on the bottom. b) In the wild, Lake
Constance stickleback display roughly twice the body size of stickleback populations resid-
ing in tributaries (BOH, NID, HOH). Error bars are parametric 95% confidence intervals.
shown to reproduce at much larger size and later in life than neighboring
stream populations (Lucek et al. 2012; Chapter 1), a pattern here confirmed
based on temporally independent samples.
Studying growth trajectories under controlled laboratory conditions re-
vealed some degree of genetically based differentiation among the study pop-
ulations, with Lake Constance fish displaying the fastest growth. This result
agrees with a previous laboratory study based on a different lake–stream pop-
ulation pairing from the Lake Constance basin that also suggested slightly
faster growth in lake than stream fish (Lucek et al. 2012). The difference
in growth among the populations might be due to divergence in the rate of
food consumption, in the efficiency of food conversion, or both (Present and
Conover 1992; Silverstein et al. 1999; Jonassen et al. 2000; Trudel et al.
2001). Tentative support for the former derives from the qualitative obser-
vation during our laboratory growth experiment that Lake Constance fish
were bolder and foraged more actively than stream fish. However, formal ex-
periments would be needed to quantify the relative contribution of foraging
behavior and physiology to the genetic variation in growth, ideally includ-
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ing different food availability treatments to explore if stronger divergence is
apparent when food is restricted.
Whatever the cause(s) for the different growth trajectories under labo-
ratory conditions, these differences clearly cannot explain the variation in
age and size at reproduction among the wild populations: first, the intrinsic
differences in growth trajectories are too subtle to explain the large body size
divergence within the Lake Constance basin. Second and most importantly,
faster growth would make lake fish more likely than stream fish to attain the
maturation size threshold within a single growing season, hence conflicting
with the observation of delayed reproduction in Lake Constance stickleback
relative to the stream populations (Fig. 2.2a).
Furthermore, our investigation of maturation size thresholds in the lab-
oratory makes clear that both lake and stream genotypes can reproduce at
body sizes well below the size of wild reproductive stream stickleback. The
delayed reproduction of Lake Constance stickleback relative to their con-
specifics in streams thus cannot be caused by the genetically based evolution
of an elevated critical maturation size. Collectively, our laboratory experi-
ments indicate that life history divergence within the Lake Constance basin
primarily represents phenotypic plasticity. This view is confirmed by our field
transplant experiment, demonstrating that Lake Constance fish developing
in stream habitats display life history phenotypes similar to typical stream
fish – i.e., maturity within one year at small size.
Which specific ontogenetic determinants (i.e., growth rate, the matura-
tion size threshold, or both) and ecological factors conspire to generate this
life history plasticity cannot be inferred directly from our experiments. How-
ever, additional evidence allows us to propose that differential growth rates
resulting from different resource availabilities between the lake and stream
habitat are responsible for life history plasticity, consistent with model A
in Fig. 2.2. Support for this view is offered by quantitative data on the
temporal development of zooplankton availability in Lake Constance, reveal-
ing a single zooplankton abundance peak from late spring to early summer
(Sommer 1985). During the rest of the year, zooplankton abundance is low.
Juvenile lake stickleback thus appear to be born into a habitat where resource
availability is rapidly declining, and they additionally have to compete for
food with larger individuals from previous age cohorts. This suggests that
compared to its tributaries, Lake Constance is a relatively poor foraging envi-
ronment over most of the year, generally supporting a growth rate too low to
reach critical maturation size within one growing season. (Nevertheless, the
large body size reached by Lake Constance fish after two years suggests that
during peak zooplankton abundance, growth rate is high.) The demonstra-
tion of a large proportion of very small (i.e., below 0.5 g) non–reproductive
50
stickleback during the breeding season in the Lake Constance population
would provide definitive evidence of this scenario.
By contrast, stomach content analysis in a supplementary sample of
stream stickleback from the NID population taken in late December 2014
indicates that in streams, prey resources are abundant throughout the year
(Table S3 (Supplementary material)). Also, in this habitat, competitors from
previous age cohorts are rare (Chapter 1). Accordingly, our field transplant
experiment demonstrates that stream habitats allow for substantial growth
over fall and winter (i.e., between the weeks 14 and 31 in Fig. 5). Streams
thus appear to be relatively profitable habitats generally allowing stickleback
to attain critical maturation size within one growing season. If this proves
generally true, it offers a plausible explanation for the convergence in body
size among stream stickleback populations observed at a worldwide scale (see
Fig. 1.4 in Chapter 1).
2.5.2 Implications
Overall, we provide strong evidence that life history divergence between
lake and stream stickleback in the Lake Constance basin is the outcome
of resource–mediated phenotypic plasticity in growth trajectories between
the habitats. Our study challenges the suggestion that divergence in size at
reproduction within the Lake Constance basin is due to the genetically based
adaptive evolution of faster growth in lake fish (Lucek et al. 2012). The dif-
ferent conclusions emerging from Lucek et al. (2012) and the present work
emphasize three important aspects: first, understanding life history evolu-
tion requires explicitly considering the mechanisms through which growth
and reproductive function are coordinated (Day and Rowe 2002; Berner and
Blanckenhorn 2007). In our stickleback system, this concerns the interplay
between growth rate, the maturation size threshold, and the photoperiodic
maturation cue (Baggerman 1985). Considering these determinants jointly
makes clear that large size at reproduction in Lake Constance fish cannot
readily be attributed to faster growth, but – perhaps counterintuitively – to
slower growth early in life.
Second, caution is warranted when interpreting phenotypic divergence in
natural populations based on laboratory experiments alone. While stickle-
back in the Lake Constance basin certainly exhibit some genetically based
differences in growth rate detectable in the laboratory, these differences are
overwhelmed by phenotypic plasticity in the wild.
Third, adaptationist interpretations of phenotypic divergence in nature
should be made with caution. We recognize that the slightly elevated growth
rate of lake fish under laboratory conditions might represent a genetically
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based adaptation partly compensating for the generally low resource avail-
ability in that habitat, and thus might provide an example of countergradient
variation (Conover and Schultz 1995). Nevertheless, most of the life history
divergence between our lake and stream populations is plastic, and whether
this plasticity is adaptive or simply an unavoidable response of the ontoge-
netic machinery to ecological differences between the habitats (Berner and
Blanckenhorn 2007; Fitzpatrick 2012) requires experimental investigation.
Finally, our study has important potential implications for speciation.
Lake Constance stickleback enter tributaries for reproduction. The breeding
grounds of lake and stream fish thus certainly overlap (at least in streams
where physical dispersal barriers are absent), providing the opportunity for
lake–stream gene flow. However, phenotypic plasticity maintains a promi-
nent body size difference between the habitats, and body size to govern
reproductive interactions in several population within this species (Dufresne
et al. 1990; Nagel and Schluter 1998; Ishikawa and Mori 2000; Albert 2005;
Boughman et al. 2005; McKinnon et al. 2004, 2012; Conte and Schluter
2013). We therefore propose that in lake and stream stickleback in the Lake
Constance basin, the colonization of ecologically distinct habitats immedi-
ately promotes reproductive isolation via sexual barriers. Experimentally
evaluating the role of body size in sexual isolation in this system thus emerges
as on obvious avenue for future research.
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Preface: I name the field transplant experiment of chapter three as the
core study of my PhD. I like the degree of replication, the inclusion of F1 hy-
brids and of course the outcome, which would not have been possible without
some luck. Interestingly, this was the least work intensive project. Crossing,
some husbandry in the lab and five field trips were enough to begin with the
analysis. This experiment also enabled future research. The numerous pos-
itive interactions with the fisheries authorities in this region during chapter
1–3 made an approval for a F2 hybrid release in autumn 2015 possible.
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3.1 Abstract
Molecular comparisons of populations diverging into ecologically different
environments often find strong differentiation in localized genomic regions,
with the remainder of the genome being weakly differentiated. This pattern
of heterogeneous genomic divergence, however, is rarely connected to direct
measurements of fitness differences among populations. We here do so by
performing a field enclosure experiment in threespine stickleback fish resid-
ing in a lake and in three replicate adjoining streams, and displaying weak yet
heterogeneous genomic divergence between these habitats. Tracking survival
over 29 weeks, we consistently find that lake genotypes transplanted into the
streams suffer greatly reduced viability relative to local stream genotypes,
and that the performance of F1 hybrid genotypes is intermediate. This ob-
served selection against migrants and hybrids combines to a total reduction
in gene flow from the lake into streams of around 80%. Overall, our study
identifies a strong reproductive barrier between parapatric stickleback popu-
lations, and cautions against inferring fitness differences between populations
from the overall magnitude of genomic differentiation.
3.2 Introduction
Genomic studies exploring how molecular variation is influenced during adap-
tive divergence between populations residing in ecologically different habitats
have become frequent (e.g. Nadeau et al. 2012; Roesti et al. 2012a; Renaut
et al. 2013; Evans et al. 2014; Soria–Carrasco et al. 2014; Fraser et al. 2015;
Lamichhaney et al. 2015). A common emerging pattern is heterogeneous
genomic differentiation – that is, relatively strong population differentiation
in localized regions of the genome and weak differentiation outside these re-
gions. This pattern is typically interpreted as ecologically important loci
experiencing divergent natural selection within a genomic background rel-
atively homogenized by gene flow (Wu 2001; Nosil et al. 2009; Feder et
al. 2012). While such descriptions of genomic differentiation are valuable to
shed light on the molecular complexity of adaptive divergence and to discover
adaptation genes, they generally remain incomplete in that direct informa-
tion about the fitness consequences of heterogeneous genomic divergence in
nature is lacking (Barrett and Hoekstra 2011). Establishing the link between
genomic divergence and fitness differences among populations, however, is
crucial to evaluate the promise of ecological genomics that mechanistic in-
sights about adaptation and speciation can be derived from the examination
of DNA sequence variation (Feder et al. 2012).
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In the present study, we address this link by experimentally quantifying
fitness differences in nature among populations in which genomic divergence
has been characterized. Specifically, we study populations of threespine stick-
leback fish residing in contiguous lake and stream habitats (i.e., in parapatry)
within the Lake Constance basin in Central Europe (Berner et al. 2010a;
Lucek et al. 2010, 2012; Chapter 1). These populations have diversified eco-
logically: lake fish display a pelagic life style, exploiting zooplankton in the
open water, while stream fish forage on benthic (substrate–dwelling) macroin-
vertebrates. This difference in foraging niches coincides with phenotypic di-
vergence in foraging, predator defense, and life history traits. However, some
of the phenotypic divergence has been shown to be mainly plastic (Chapter
2), and traits generally exhibiting strong and consistent parallel lake–stream
divergence in stickleback at a global scale (i.e., overall body shape, gill raker
number; Reimchen et al. 1985; Berner et al. 2008, 2009; Kaeuffer et al.
2012; Ravinet et al. 2013) have not evolved among lake and stream pop-
ulations from the Lake Constance basin (Berner et al. 2010a; Lucek et al.
2013). The relatively weak phenotypic divergence among our focal stickle-
back populations is mirrored by weak molecular differentiation: genome–wide
high–density single–nucleotide polymorphism (SNP) markers revealed base-
line differentiation (i.e., genome–wide median FST ) in multiple lake–stream
population comparisons to range between 0.005 and 0.06 only (Chapter 6).
However, genomic differentiation appeared highly heterogeneous, with some
genetic markers exhibiting strong differentiation (see below).
A crucial question is now whether weak but heterogeneous genomic differ-
entiation in stickleback from the Lake Constance basin is sufficient to cause
substantial fitness tradeoffs between the lake and stream habitats. This ques-
tion is important because lake and stream stickleback populations in close
contact have established as a strong system for studying the relationship
between adaptive divergence and speciation (McKinnon and Rundle 2002;
Hendry 2009;). Nevertheless, adaptive divergence has so far been inferred
only from the combination of phenotype–environment correlations (Reim-
chen et al. 1985; Hendry and Taylor 2004; Berner et al. 2008, 2010; Kaeuffer
et al. 2012; Ravinet et al. 2013) and information on the genetic basis of
trait divergence (Lavin and McPhail, 1993; Sharpe et al. 2008; Berner et
al. 2011; Chapter 5); unambiguous experimental demonstrations of whole–
organism fitness differences between lake and stream stickleback are lacking
(but see Hendry et al. 2002 for suggestive results from Canadian populations,
and Eizaguirre et al. 2012 for adaptive divergence in immune genes). Fur-
thermore, it remains uncertain how adaptive divergence contributes to the
reproductive isolation assumed to drive and maintain the (sometimes strong)
marker–based genetic differentiation between lake and stream populations in
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close contact (Hendry et al. 2009).
To inform these questions, we subject lake and stream stickleback from
the Lake Constance basin to a transplant experiment to quantify fitness dif-
ferences in nature. Combining the emerging results with recent genomic
data, our study reveals the fitness correlate of heterogeneous genomic diver-
gence and identifies powerful reproductive barriers between contiguous but
ecologically different populations.
3.3 Material and methods
3.3.1 Study design
The logic of our transplant study was to release juvenile stickleback from
multiple stream populations into field enclosures in their stream of origin,
together with lake fish and lake–stream F1 hybrids, and to track fitness until
adulthood. We thus performed replicate ‘local versus foreign’ experiments
of local adaptation (Turesson 1922; Clausen et al. 1940; Kawecki and Ebert
2004; Blanquart et al. 2013). We expected that in the presence of adaptive
divergence between the habitats, local stream fish should outperform foreign
lake fish. Furthermore, assuming an overall additive genetic basis to potential
fitness differences (which does not imply additivity at the underlying genetic
loci; Lynch and Walsh 1998), F1 hybrid performance should be intermediate
between the pure populations. Although including the reciprocal experimen-
tal setup – that is, transplanting stream fish into the lake – would have been
desirable, the challenge of adequately reproducing pelagic foraging habitat
in lake enclosures over many weeks imposed a unidirectional approach.
Our investigation considers four stickleback populations, including the
one inhabiting Lake Constance (hereafter simply ‘lake’) and three from in-
dependent tributaries to the lake (NID, BOH and HOH; Fig. 3.1) (see also
Berner et al. 2010a; Chapter 1, 2 & 6). A single sample was adequate
to represent the lake fish because this population is genetically well mixed
(Chapter 1 & 6).
3.3.2 Experimental fish
For our experiment, we used F2 individuals derived from the laboratory pop-
ulations established in chapter 2. In brief, we first generated an F1 laboratory
cohort in the spring of 2013 by artificially crossing field–caught reproductive
individuals from each of the four study populations. We thus obtained 12
pure lake families and ten pure families from each of the three stream popu-
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lations. Individuals were then pooled across families within each population,
taking care to ensure an approximately similar contribution among families
to each pool (details on the production of this F1 cohort and on husbandry is
given in chapter 2). After one year in the laboratory (i.e., between April 26
and May 19, 2014), individuals from the F1 cohort were sampled haphazardly
to generate an F2 laboratory cohort. The latter again included the four pure
populations, and additionally F1 hybrids between the lake and each stream
population (i.e., seven cross types in total). The number of replicate families
was 16, 10, 16, and 5 for the lake, NID, BOH, and HOH cross types; and 10,
6, and 6 for lake–NID, lake–BOH, and lake–HOH F1 hybrids. The juveniles
of the F2 cohort were raised by pooling individuals from all replicate families
of a given cross type into a single aquarium. Rearing temperature was 16 ◦C,
the light–dark photoperiod was 16:8, and the juveniles were fed live Artemia
nauplii and frozen Cyclops, Daphnia and chironomid larvae (‘bloodworms’)
ad libitum. Mortality in the laboratory was negligible.
3.3.3 Transplant experiment
Approximately 8–11 weeks post–hatch (July 24, 2014), juveniles from the
F2 cohort were transferred to field enclosures constructed in 2013 in each of
the focal streams (Chapter 2). The enclosure sites were near the sites where
the parental individuals of the laboratory lines had been sampled (Fig. 3.1),
displayed similar habitats as the latter, and harbored resident stickleback.
Each stream site comprised three replicate enclosures. The enclosures were
6 m long and 1.5 m wide and were built along the stream shore by using
perforated metal plates (4 mm diameter holes, 58% passage), thus allowing
the flow of water and small organisms across the enclosure walls (see Fig.
S6 (Supplementary material) for enclosure photographs, and chapter 2 for
further details on the study sites and construction).
Prior to fish release, adult resident stickleback were removed from the
enclosures by extensive minnow trapping (although small resident juveniles
could enter and leave the enclosures). We then stocked each enclosure with
a total of 90 juvenile stickleback from our laboratory lines, including 30
individuals from the focal stream, 30 lake individuals, and 30 individuals from
the corresponding F1 hybrid cross type. To distinguish our experimental fish
from residents, each cross type was marked by clipping the first dorsal, the
left pelvic, or the right pelvic spine, using each clipping type once for every
cross type at each study site.
Starting five weeks post–release, the enclosures were visited on four occa-
sions in intervals of eight weeks. The last visit occurred at the end of February
2015, after more than 200 days of experimental time, just before the onset
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of the breeding season (i.e., March; chapter 2). During each visit, the enclo-
sures were sampled in a standardized way by setting 14 minnow traps per
enclosure two hours before dusk and removing them two hours after dawn
on the following day. Recaptured experimental (i.e., marked) individuals
were then assigned to cross type, counted, and weighed, providing survival
and body mass as fitness measures. The number of non–experimental fish
captured in the enclosures (hereafter ‘competitors’) was also recorded. After
this, all fish (experimental and competitors) were released back into their en-
closures (except for the last visit when the experimental fish were killed with
an overdose of Koi Med Sleep (phenoxyethanol; Fishmed, Rain, Switzerland)
and preserved in Ethanol). Across all study sites, this procedure was always
completed within three days.
NID
8.6 km
N HOH
27.7 km
ROM
BOH
10.4 km
Lake Constance
10 km
Figure 3.1: Geographical situation of the study sites in the Lake Constance region
(black rectangle in the insert map). The circles indicate the location of the three stream
sites (NID, BOH, and HOH) and the lake (ROM) site where stickleback were sampled
to generate the experimental populations. The numbers indicate the approximate wa-
ter distance from each stream site to the lake. The crosses indicate the location of the
experimental stream enclosures.
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3.3.4 Supplementary measurements
To ensure the robustness of our experiment, three checks were performed.
First, we haphazardly sampled and weighed 20 individuals from each cross
type the day before the release into the enclosures, which confirmed the ab-
sence of body mass differences among the cross types at the onset of the
experiment (Fig. S2). Second, after the standard sampling of the enclosures
(see above) during the last field inspection, we continued sampling each enclo-
sure with the same method. This extended sampling yielded few additional
individuals (Fig. S7 (Supplementary material)), indicating that our standard
trapping scheme captured stickleback in the enclosures effectively. For con-
sistency across the four sampling periods, these additional individuals were
not considered for analysis (except in the calculation of reproductive isola-
tion, see below), although including them would only have strengthened our
results (Fig. S8 (Supplementary material)). Finally, we tested whether lake
and stream stickleback differed in their intrinsic propensity to be captured by
minnow traps. This test was conducted in mid–April 2015, after completing
the field transplant experiment. We here stocked the three enclosures at the
NID site with a similar number of marked, adult, field-caught lake and NID
stream stickleback, each enclosure with a different total density (8, 16, and 24
individuals). After 12 hours, we sampled the enclosures using the standard
method described above, which recovered every single released individual in
each enclosure. This again confirmed the effectiveness of minnow trapping,
and showed that lake and stream fish were equally likely to be recaptured
(this test was likely conservative, as the different growth environments of
these field–caught lake and stream fish can be expected to exaggerate any
genetically–based behavioral difference). Together, these checks confirmed
that our transplant experiment was very unlikely to be affected by method-
ological artifacts.
Furthermore, to characterize the natural abundance of resident stream
stickleback at each study site, we applied our standard trapping scheme in
the immediate area outside the enclosures in April 2014, and recorded the
number fish. Although this census was made outside our experimental period
(i.e., July–February), the resulting counts should be roughly comparable to
the number of competitors observed within the enclosures at the end of the
experiment.
3.3.5 Data analysis
Our first prediction was that resident stream stickleback survive better in
stream enclosures than foreign lake fish, and that F1 hybrid survival falls
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between the pure lines. We therefore tested for differential survival among
the experimental lines by fitting the number of survivors in the enclosures in
a linear model with the terms cross type, study site, and their interaction.
P–values for the model terms were obtained by permuting the number of
survivors 9999 times and evaluating the observed F–statistics against their
random distributions (Manly 2007). For this test, we considered survival data
from the fourth (last) sampling period only. Our second prediction was that
body mass attained during the experiment – an indirect fitness measure – was
higher in stream than lake and hybrid fish. We thus tested for differences in
body mass among the cross types and study sites at the end of the experiment
by permutation, using the same model structure as for survival. This test,
however, considered only stream fish and hybrids because only a single lake
survivor was recovered at the NID and BOH sites. Differences among the
study sites and sampling periods in the number of competitors present in the
enclosures were tested analogously based on a repeated measures model with
study site as factor and sampling time as within–enclosure effect.
To examine to what extent performance differences among the experi-
mental lines reduced gene flow from the lake into the streams, we calculated
the strength of unidirectional reproductive isolation using the formula 4A
from (Sobel and Chen 2014):
RI = 1− 2× ( H
H+C
)
We here substituted the number of lake and stream survivors at the end
of the experiment for H and C to quantify the reproductive barrier due to
viability selection against lake immigrants. Analogously, substituting the
number of hybrid survivors for H expressed reproductive isolation due to
selection against hybrids. Note that RI varies linearly from 1 (complete re-
productive isolation, here corresponding to an absolute barrier to gene flow
from the lake into the streams) to –1 (maximum possible gene flow from
the lake into the streams). We calculated this metric both globally, combin-
ing survival data from all enclosures and streams, and separately for each
stream, combining data from all enclosures. All graphing and analyses were
performed in R (R Development Core Team 2014).
3.4 Results
As predicted for local adaptation, survival in the stream enclosures was con-
sistently higher in local stream stickleback than in foreign lake fish, and F1
hybrid survival was intermediate (Fig. 3.2, upper row) (cross type effect,
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permutation P = 0.0151). Most strikingly, at the NID site, experimental
lake fish were already essentially eliminated 13 weeks after the release, while
stream and hybrid fish were still present in all enclosures. Survival also dif-
fered among the streams (P = 0.0006; cross–site interaction: P = 0.134),
with the highest survival occurring at the HOH site. At all sites, mortality
was most severe during the first sampling interval.
On average, body mass of experimental stickleback increased more than
threefold in the course of the experiment. However, contrary to our expecta-
tion, we found no difference in body mass between the pure stream and the
F1 hybrid crosses, nor among the study sites (all model terms P > 0.162)
(Fig. 3.2, middle row).
The number of competitors in the enclosures differed clearly among the
stream sites (P = 0.0006), declining from NID (mean over enclosures and
time points: 81) to BOH (61) and HOH (10) (Fig. 3.2, bottom row). We
also observed a decrease over time (P = 0.0031), driven primarily by the
NID and BOH sites (site–time interaction: P = 0.0016). We suspect that
this temporal decline is underestimated by our methodology, as a proportion
of small juvenile fish in the beginning of the experiment escaped our trap-
ping. The number of competitors within the enclosures further mirrored the
natural abundance of stickleback present among the study sites, as revealed
by sampling outside the enclosures (Fig. 3.2, bottom row, week 29).
The survival differences among the cross types by the end of the ex-
periment implied a substantial barrier to gene flow: in the global analysis,
reproductive isolation attributable to selection against lake immigrants and
against lake–stream hybrids was 0.67 and 0.4. The corresponding site–specific
values were 0.71 and 0.1 for NID, 0.82 and 0.54 for BOH, and 0.63 and 0.42
for HOH.
3.5 Discussion
3.5.1 Local adaptation in lake–stream stickleback
Our objective was to test for fitness differences between lake and stream
stickleback and their hybrids through a replicated transplant experiment in
nature. The emerging pattern is clear and consistent: local stream fish dis-
play higher survival than lake fish, and F1 hybrids are intermediate between
these populations. Although our experimental individuals were confined in
field enclosures, this is unlikely to compromise the generality of our find-
ings: the enclosures were relatively large and permeable to prey organisms,
and importantly, stickleback densities within the enclosures were compara-
62
Weeks post-release
2921135
HOH
0
30
25
20
15
10
5
N
u
m
b
er
 o
f 
su
rv
iv
o
rs
 
0
100
50
N
u
m
b
er
 o
f 
co
m
p
et
it
o
rs
0
0.5
1.0
B
o
d
y
 m
a
ss
 (
g
) 
2921135
NID
2921135
BOH
150
0
Figure 3.2: Upper row: Number of lake (black), stream (light gray), and F1 hybrid
(dark gray) stickleback surviving in the field enclosures during the transplant experiment
at each study site. The circles represent the raw survivor counts in each replicate enclosure,
the vertical bars connect the minima and maxima, and the horizontal bars are the means
across the enclosures. Middle row: Change in body mass along the experiment. Dots are
means across the replicate enclosures (using within–enclosure averages as data points),
error bars are the associated parametric 95% confidence intervals (note that after week
5, lake stickleback at the NID site are represented by a single individual only). Bottom
row: Number of competitors (i.e., non–experimental stream-resident stickleback) captured
within the enclosures during the experiment. Dots and error bars are means and 95%
confidence intervals across the replicate enclosures. The gray horizontal bars at week 29
indicate the number of stickleback captured outside the enclosures (this latter census was
made slightly outside our experimental period, see Materials and methods).
63
ble to those outside the enclosures. The experiment can be expected to have
reproduced the selective conditions in the streams adequately.
We thus provide the first demonstration of adaptive divergence between
lake and stream stickleback at the level of whole–organism performance, and
contribute to the scant body of direct experimental evidence for fitness differ-
ences among natural populations of vertebrates (e.g., Schluter 1995; Gomez–
Mestre and Tejedo 2003). Our finding of strong fitness differences between
lake and stream stickleback within stream habitats differs from merely sug-
gestive differences found in a transplant study using Canadian lake–stream
populations (Hendry et al. 2002). The different outcomes, however, are
likely attributable to different methodologies, as the latter study used adult,
field–caught experimental fish and ran for a much shorter time, thus perhaps
missing the life stage under intense selection.
Having conducted our experiments in streams only, we recognize that for
a formal demonstration of local adaptation (as opposed to stream fish being
unconditionally fitter than lake fish), a reciprocal transplant of lake and
stream populations across both habitats would have been needed (Kawecki
and Ebert 2004; Blanquart et al. 2013). However, molecular analyses have
established that the Lake Constance population is evolutionarily derived from
a stream ancestor and has experienced genomically wide–spread selective
sweeps in its novel habitat (Chapter 6). This makes clear that the lake
habitat is challenging for stream fish. Moreover, Lake Constance fish have
diverged from the tributary populations in ecologically important traits such
as defensive lateral plating and gill raker length (Berner et al. 2010a; Lucek et
al. 2013; Chapter 1), differentiation generally known to have a strong genetic
basis in stickleback (Colosimo et al. 2005; Glazer et al. 2015; Chapter 5 &
6). The reciprocal expectation of higher fitness of lake than stream or hybrid
fish in the lake habitat thus appears highly plausible.
Contrary to our prediction, body mass, our indirect fitness measure, did
not differ among the experimental populations in the end of the experiment.
An obvious explanation is that individuals achieving poor growth were elimi-
nated continuously, a possibility we cannot evaluate because our population–
level marking did not allow tracking survival and growth of individual fish.
Our experiment further suggests an interesting detail about the nature
of selection in lake-stream stickleback. Specifically, selection against lake
fish (and hybrids) appeared relatively relaxed at the study site HOH that
also displayed the lowest density of resident stickleback, as observed both
within and outside the enclosures. This is most evident when considering
the proportion of surviving lake fish relative to the total number of individ-
uals (experimental and competitors) recovered at the end of the experiment,
pooled across all replicate enclosures. This proportion was vanishingly low
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(0.005 and 0.008) in the NID and BOH systems displaying relatively high
competitor densities, but substantial (0.12) at HOH where resident stickle-
back were much less abundant. (We suspect that the low natural abundance
of stream–residents at HOH is due to a shortage of breeding habitat; this
stream site exhibits higher water flow and less organic litter and vegetation
than the two other sites; DM and DB, personal observation). Similarly, the
overlap in survival among the cross types early in the experiment was highest
at the HOH site. This suggests that dispersing lake fish perform well in rela-
tively unoccupied streams, but are eliminated rapidly from streams in which
a dense locally adapted population is present. We thus hypothesize that se-
lection is density-dependent and driven by intraspecific resource competition
– a factor generally considered important to ecologically–based reproductive
isolation (Schluter 2000; Nosil 2012). Although density–dependent selection
in this stickleback system needs to be confirmed more directly, our study
highlights the value of replicating selection studies across multiple habitats
(Wade and Kalisz 1990).
3.5.2 Genomic differentiation and reproductive isola-
tion
Our laboratory stickleback populations producing the experimental fish had
spent more than an entire life cycle under standardized conditions. The fit-
ness differences observed in the field enclosures must therefore be attributed
largely to genetic differentiation between the lake and stream populations.
Fortunately, genome–wide information about this differentiation is available:
the lake and two of the three stream populations (NID and BOH) have been
genotyped previously at high–density SNP markers for demographic analy-
sis, and to study signatures of selection in the genome (Roesti et al. 2015).
This provides the opportunity to relate fitness differences to genomic diver-
gence in the same populations. To this end, we here reuse the SNP data to
characterize the genome–wide distribution of genetic differentiation (FST ) for
both the lake–NID and the lake–BOH population comparisons. These dis-
tributions (Fig. 3.3) highlight the weak overall lake–stream differentiation in
both population comparisons (genome–wide median FST , lake–NID: 0.013;
lake–BOH: 0.005), the absence of complete allele frequency shifts (i.e., FST
= 1), but that a small proportion of loci nevertheless exhibit strong lake–
stream differentiation (up to 0.84 and 0.67 in the two comparisons). (A very
similar FST distribution can be expected for the lake–HOH comparison, as
microsatellite–based differentiation in this population pairing is intermedi-
ate between the lake–NID and lake–BOH comparisons; Chapter 1) We thus
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find strong fitness differences in population pairs in which overall genetic
differentiation would generally be considered very weak. For example, us-
ing fully comparable methodology, genome–wide baseline FST was estimated
as high as 0.15 in neighboring lake and stream stickleback population from
Vancouver Island, Canada (Roesti et al. 2012).
The weak and heterogeneous genomic differentiation in our lake–stream
systems directly translates to powerful pre– and postzygotic reproductive
barriers: averaged across the streams, selection against migrants (Coyne and
Orr 2004; Hendry 2004; Nosil et al. 2005) reduces gene flow from the lake
into the stream populations by approximately 70% relative to the absence
of fitness differences between the populations. Furthermore, the ecological
inferiority of F1 hybrids resulting from mating between dispersers from the
lake and stream residents reduces gene flow by another 40%. Combining these
two reproductive barriers sequentially (Coyne and Orr 1989; Sobel and Chen
2014), adaptive divergence drives total reproductive isolation in the order of
0.8. This strong ecological barrier to gene flow offers a partial answer to the
long–standing question of how lake and stream stickleback pairs can maintain
(often striking) genetic and phenotypic integrity in close contact (Reimchen
et al. 1985; Berner et al. 2009; Bolnick et al. 2009; Eizaguirre et al. 2009;
Hendry et al. 2009).
We emphasize, however, that it remains unclear to what extent the com-
ponents of reproductive isolation identified in our study actually operate in
nature, as they require that lake stickleback disperse into tributaries (se-
lection against migrants) and reproduce with stream fish (selection against
hybrids). This assumption appears plausible because the Lake Constance
population invades tributaries during the reproductive period. Indeed, anec-
dotal evidence indicates overlap in breeding habitat between lake and stream
stickleback at least in the BOH stream. Nevertheless, our present insights
should be complemented by experimental information on how the opportu-
nity for gene flow is modified by dispersal behavior (Edelaar and Bolnick
2012; Webster et al. 2012; Berner and Thibert–Plante 2015; see Bolnick et
al. 2009 for a habitat preference study in Canadian lake–stream stickleback)
and by sexual interactions (Eizaguirre et al. 2009; Raeymaekers et al. 2010;
Chapter 3).
3.6 Conclusion
We demonstrate strong genetically–based fitness differences between neigh-
boring lake and stream stickleback populations despite weak – but heteroge-
neous – genomic differentiation. Our study thus highlights the risk of predict-
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Figure 3.3: Geographical situation of the study sites in the Lake Constance region
(black rectangle in the insert map). The circles indicate the location of the three stream
sites (NID, BOH, and HOH) and the lake (ROM) site where stickleback were sampled
to generate the experimental populations. The numbers indicate the approximate wa-
ter distance from each stream site to the lake. The crosses indicate the location of the
experimental stream enclosures.
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ing the magnitude of adaptive divergence based on genetic markers only. We
further show that adaptive divergence translates to strong ecologically–based
reproductive barriers. Future studies are needed to compare the relative im-
portance of these and other reproductive barriers in stickleback from the Lake
Constance basin, and to experimentally measure fitness differences in other
lake–stream systems, including those known to exhibit stronger genomic dif-
ferentiation.
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Preface: Besides working on my Master thesis, I could help out Dani in
the aquaria room, where his F2 hybrids needed food and the aquaria had to
be maintained. Besides fish husbandry, I was in charge of the DNA extrac-
tion and was able to prepare my first RAD libraries with Marius’ help and
supervision. Finally, I was part of the genotype correcting progress for the
genetic map construction, which we did manually.
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4.1 Abstract
Heterogeneity in recombination rate may strongly influence genome evolution
and entail methodological challenges to genomic investigation. Nevertheless,
a solid understanding of these issues awaits detailed information across a
broad range of taxa. Based on 282 F2 individuals and 1’872 single nucleotide
polymorphisms, we characterize recombination in the threespine stickleback
fish genome. We find an average genome–wide recombination rate of 3.11
cM/Mb. Crossover frequencies are dramatically elevated in the chromosome
peripheries as compared to the centers, and are consistent with one obligate
crossover per chromosome (but not chromosome arm). Along the sex chromo-
some, we show that recombination is restricted to a small pseudoautosomal
domain of c. 2 Mb, spanning only 10% of that chromosome. Comparing fe-
male to male RAD sequence coverage allows us to identify two discrete levels
of degeneration on the Y chromosome, one of these ‘evolutionary strata’ coin-
ciding with a previously inferred inverted region. Using polymorphism data
from two young (<10’000 years old) ecologically diverged lake–stream pop-
ulation pairs, we demonstrate that recombination rate correlates with both
the magnitude of allele frequency shifts between populations and levels of
genetic diversity within populations. These associations reflect genome–wide
heterogeneity in the influence of selection on linked sites. We further find
a strong relationship between recombination rate and GC content, possibly
driven by GC–biased gene conversion. Overall, we highlight that heterogene-
ity in recombination rate has profound consequences on genome evolution and
deserves wider recognition in marker–based genomic analyses.
4.2 Introduction
Meiotic recombination is a fascinating process because of its pivotal role in
multiple biological contexts. For instance, recombination is generally con-
sidered instrumental to the proper segregation of homologous chromosomes
during meiosis (Mather 1938; Baker et al. 1976; Roeder 1997; Smith and
Nicolas 1998; Hassold and Hunt 2001). At the same time, recombination
breaks the linkage between DNA segments located on the same chromo-
some. This allows selection to operate more effectively on multiple loci, and
hence promotes adaptation (Hill and Robertson 1966; Felsenstein 1974; Otto
and Barton 1997; Burt 2000; Otto and Lenormand 2002). Conversely, the
suppression of recombination can initiate chromosome degeneration, a pro-
cess believed to be common during sex chromosome evolution (Bull 1983;
Charlesworth and Charlesworth 2000; Charlesworth et al. 2005; Wilson and
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Makova 2009).
Variation in recombination rate may also explain genome–wide hetero-
geneity in the magnitude of genetic divergence between populations, and
genetic diversity within populations. The reason is that linkage between se-
lected loci and their physical neighborhood is tighter in regions exhibiting
relatively low recombination rate. Selectively neutral polymorphisms will
therefore be affected by selection more often and more strongly when located
in low–recombination regions. As a consequence, hitchhiking under positive
and background selection is predicted to increase allele frequency shifts be-
tween populations, and to reduce genetic diversity within populations, in
low–relative to high–recombination genomic regions (Maynard Smith and
Haigh 1974; Kaplan et al. 1989; Begun and Aquadro 1992; Nordborg et
al. 1996; Charlesworth et al. 1997; Charlesworth 1998; Nachman 2002).
Similarly, loci under divergent selection between ecologically distinct habi-
tats should impede neutral gene flow more extensively in low–recombination
regions (Barton and Bengtsson 1986; Feder and Nosil 2010). Finally, re-
combination may have direct effects on the constitution of chromosomes, for
instance through biased gene conversion or mutagenesis (Galtier et al. 2001;
Duret and Galtier 2009; Webster and Hurst 2012).
Despite the recognition of recombination as a major evolutionary fac-
tor, our understanding of both the mechanisms governing the process, and
its consequences on genome evolution, remains highly incomplete (Nachman
2002; Smukowski and Noor 2011; Webster and Hurst 2012). Moreover, de-
tailed investigations of recombination outside genetic model organisms are
needed for the discovery of general patterns. The goal of our study is to pro-
vide the first comprehensive analysis of meiotic recombination in threespine
stickleback fish.
A thorough understanding of recombination in this powerful model or-
ganism for ecological genetics is particularly valuable for two reasons. First,
the species has been shown to display a relatively young (<10 Myr old) XY
(male–heterogametic) sex determination system (Peichel et al. 2004). In-
formation on the extent of XY recombination and associated patterns of Y
degeneration, however, remains highly incomplete, but promises exciting in-
sights into sex chromosome evolution (Peichel et al. 2004; Ross and Peichel
2008; Shikano et al. 2011). Second, performing genome scans in stickleback
populations residing contiguously in selectively distinct lake and stream habi-
tats, we have shown recently that population divergence (FST) is elevated in
chromosome centers and argued that this effect is caused by a lower recom-
bination rate within these regions (Roesti et al. 2012a). Because robust
information on recombination was lacking, however, this hypothesis could
not be evaluated definitively. Our study therefore combines single nucleotide
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polymorphism (SNP) data from a laboratory F2 cross and natural popula-
tions to characterize the stickleback recombination landscape; to explore the
role of recombination in sex chromosome evolution; to examine the relation-
ship between recombination rate and the magnitude of divergence among
and genetic diversity within populations; and to investigate the association
between recombination rate and nucleotide composition.
4.3 Material and methods
4.3.1 Laboratory cross
We generated an F2 population for linkage map construction by artificially
crossing a male and a female from the Central European ROM and CHE
populations (described in Berner et al. 2010; Roesti et al. 2012b; Chapter 1)
in the spring 2009. The resulting F1 were raised in two 50 L tanks on a mixed
Artemia (live, decapsulated cysts, frozen) and bloodworm diet under ‘sum-
mer’ laboratory conditions (18–20 ◦C with a 16:8 h day/night photoperiod).
After a ‘winter’ phase (15 ◦C, 8:16 h photoperiod) of 3 months, summer con-
ditions were reestablished in the spring 2010 to initiate reproduction. The
F2 population was generated by performing 20 artificial F1 full–sib crosses,
each involving a unique male–female combination. After 1 year, 282 adult F2
(140 males, 142 females) were haphazardly chosen, killed with an overdose
of MS–222 and stored in absolute ethanol.
4.3.2 Marker generation
DNA was extracted from pectoral fin tissue on a MagNA Pure LC278 ex-
traction robot (Roche) by using the tissue Isolation Kit II. We then prepared
restriction site–associated DNA (RAD; Baird et al. 2008) libraries, involv-
ing SbF1 restriction, the fusion of 5–mer individual barcodes and pooling
DNA of 62 individuals per library. The final enrichment PCR was performed
in duplicate to reduce random amplification variation. Each library was
single–end sequenced to 100 base reads in a separate Illumina HiSeq lane. In
addition to the F2 individuals, the two founder individuals of the cross were
also sequenced, each twice in different libraries. The Illumina sequences were
sorted according to barcode and aligned to the stickleback reference genome
(release Broad S1; Jones et al. 2012) by using Novoalign v2.07.06, accepting
a total of approximately eight high–quality mismatches and/or indels along
a read. Alignments were converted to BAM format using SAMtools (Li et
al. 2009). Each replicate alignment of each grandparent was then screened
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independently for homozygous RAD loci. A locus qualified as homozygous
if it was either invariant or if the binomial probability for the two dominant
haplotypes to reflect a heterozygous locus was <0.001. We here ignored loci
with <129 coverage (average coverage per locus varied between 31 and 47
among the grandparents and replicate alignments). RAD loci proving ho-
mozygous in both replicates of a given grandparent were then screened for
SNPs (here subsuming both SNPs and microindels) fixed for different alleles
between the grandparents, accepting only one SNP per RAD locus. This
conservative SNP detection strategy yielded a total of 2’223 markers. The
F2 population was then genotyped at each SNP detected in the grandpar-
ents. We considered a SNP homozygous when only one grandparent allele
was present and occurred in at least 20 copies, or heterozygous when both
alleles were present in at least 20 copies each (average sequence coverage per
RAD locus was 55.6 among the F2 individuals). Loci not satisfying these cri-
teria received an ambiguous genotype based on the dominant allele or were
treated as missing data when the total allele count was below six (<0.5% of
all genotypes). Next, we eliminated 58 SNPs displaying clearly skewed allele
frequencies across the F2 and ordered the remaining 2165 markers according
to their physical position in the Broad S1 stickleback reference genome.
4.3.3 Genome reassembly
Visual inspection of the genotypes ordered according to the reference genome
indicated marker intervals exhibiting extremely high crossover frequency.
Without exception, these intervals coincided perfectly with scaffold bound-
aries, indicating genome assembly errors. This conclusion was also supported
by comparing physical and genetic map positions in a low–resolution data
set extracted by Roesti et al. (2012a) from genetic maps available for North
American stickleback (Albert et al. 2008; Greenwood et al. 2011): markers
on scaffolds found to be inverted in the current study showed opposite genetic
and physical map order in the latter data set as well (details not presented).
An accurate characterization of recombination thus required genome reassem-
bly. For this, we created de novo linkage groups in R/qtl (Broman and Sen
2009) by including markers unanchored to any linkage group in the Broad
S1 genome. We used a maximum recombination frequency of 0.3 or less and
a LOD score of 8 or greater and further optimized marker order along link-
age groups through permutation within a sliding window of seven markers.
The resulting genetic map allowed us to invert 13 total scaffolds (size range:
0.7–17.1 Mb; 98.2 Mb in total) within the known linkage groups (hereafter
‘chromosomes’) and to incorporate 18 previously unanchored scaffolds with
a total length of 20.1 Mb into the chromosomes. We ignored unanchored
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scaffolds smaller than 140 kb, as this was below our average marker resolu-
tion. We then recalculated the physical position for every marker. These
assembly corrections are described in Fig. S9 (Supplementary material). All
physical map positions in this study refer to our improved genome assem-
bly, which is available in FASTA format on the Dryad digital repository
(doi:10.5061/dryad.846nj).
For final genetic map construction, we first corrected genotyping errors
and ambiguous calls by hand, making the common and well–supported as-
sumption that the vast majority of tight double–recombinants reflect geno-
typing errors. We then clipped the most peripheral marker at each chromo-
some end because here phase shifts were most difficult to distinguish from
genotyping errors. Next, we discarded all markers not assigned to linkage
groups, and one (redundant) marker in cases where two SNPs formed a pair
derived from sister RAD loci (i.e. loci flanking the same SbF1 restriction
site). The final data set used for genetic mapping comprised 1’872 markers
(59–150 per chromosome), with an average spacing of 217 kb. We note that
this data set is expected to slightly underestimate recombination rate along
chromosomes. The reason is that with our marker resolution, a few tight
double–crossovers may have escaped detection altogether, and a few others
may have been captured by one or two markers but taken as genotyping
error and eliminated. Moreover, our markers never covered the full physical
chromosome span because of the randomness of SbF1 restriction sites; be-
cause we ignored unanchored scaffolds mapping to one or both ends of many
chromosomes when these scaffolds were small and represented by only one to
three markers; and because we discarded the peripheral marker on each end
of the initially generated linkage groups.
4.3.4 Analysis of recombination
Genetic distances along the 20 autosomes were estimated in R/qtl using
the Kosambi map function (assuming crossover interference) and the full F2
panel. For the sex chromosome (chromosome 19; Peichel et al. 2004), final
map construction used genotype data from females only (N = 142). The
reason is that sequence degeneration of the Y relative to the X chromosome
precluded reliable genotyping in males (the reference sex chromosome se-
quence is the X). R/qtl was also used to count the number of crossovers for
each individual and chromosome.
We visualized recombination rate along the chromosomes by plotting ge-
netic distance (cM) against physical distance (Mb). Moreover, we calculated
the average recombination rate for every interval between adjacent markers
as the ratio of genetic distance to physical distance (cM/Mb) and plotted
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this rate against the physical midpoint of the marker interval. We also cal-
culated average recombination rate across each chromosome, and across each
chromosome arm, using for the latter information on centromere positions
extracted from Urton et al. (2011). Throughout this paper, effective phys-
ical chromosome (and chromosome arm) spans are defined by the position
of our most peripheral markers. The only exception is Fig. S9 (Supporting
material) where we show the full physical chromosome lengths.
Crossover counts were used to examine the relationship between recombi-
nation frequency and chromosome length. We here determined for each chro-
mosome the average crossover number across the 282 F2 (or the 142 females
for chromosome 19) and calculated the correlation coefficient r between this
variable and chromosome length. The magnitude of this test statistic was
evaluated against its empirical random distribution established by permuting
the crossover data 9’999 times (Manly 2007; all statistical tests in this study
are based on analogous permutation tests). A similar analysis was performed
by using chromosome arm length, rather than total chromosome length, as a
predictor of crossover number. In this latter analysis, six chromosome arms
with low marker coverage were excluded, which had a trivial influence on
the results. Also, these analyses were performed with and without the sex
chromosome. As this did not materially influence the results, we report the
former.
Individual crossover counts across all autosomes were used to test for
a difference in overall recombination rate between the sexes, using as test
statistic the F–ratio of a linear model with crossover count as response and sex
as fixed factor. Analogous tests were also performed to explore sex differences
in crossover number for each chromosome separately. Finally, individual
crossover counts were used to scan the genome (including chromosome 19) for
the presence of quantitative trait loci (QTL) determining recombination rate.
We emphasize that our data are not ideal for this purpose; quantifying the
recombination phenotype in the F2 generation would have required crossover
data from the F3 generation or from F2 gametes. Our scan was thus limited
to detecting QTL heterozygous in one or both of the grandparents. The
QTL scan was performed in R/qtl using the extended Haley–Knott method
(other methods produced very similar results). Significance of LOD peaks
was established based on 9’999 permutations, following Broman and Sen
(2009).
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4.3.5 Recombination and divergence within the sex chro-
mosome
Recombination between the X and Y chromosomes was studied by determin-
ing which of the 69 SNPs along chromosome 19 occurred homozygous for the
grandfather allele in F2 females. This female genotype necessarily requires
XY crossover in the F1 father.
To explore degeneration of the Y chromosome, we haphazardly selected
100 males and 100 females from the F2 population. For each sex separately,
we determined for every RAD locus along chromosome 19 the total sequence
coverage across all individual alignments. For each RAD locus, we then
calculated the ratio of female to male coverage. A RAD locus not or little
differentiated between the gametologs would display an expected ratio of one
because both the X and Y sequences would align to the X reference. At a lo-
cus substantially diverged between X and Y, the latter would no longer align
to the reference, producing twice the sequence coverage in females relative to
males. To reduce noise, we restricted this analysis to RAD loci displaying a
minimal total sequence coverage of 4’000 in each sex, yielding a total of 1’556
informative loci along the X chromosome (average intermarker distance: 13
kb). This analysis of Y degeneration was additionally performed by using
a natural population sample from Europe (CHE) and Canada (Boot Lake,
see below). These populations are derived independently from Atlantic and
Pacific ancestors. Because here sample size was much smaller (N = 13–14
per sex and population), we used a minimal sequence coverage threshold of
50 per sex.
4.3.6 Genetic divergence, genetic diversity and GC con-
tent in relation to recombination rate
We tested the prediction of a negative genome–wide correlation between re-
combination rate and the magnitude of allele frequency shifts by using di-
vergence data from two independent replicate lake–stream population pairs
studied in Roesti et al. (2012a) (the Boot and Robert’s pair; see also Berner
et al. 2008, 2009). These young (postglacial, <10 000 years old) population
pairs are those among the four pairs investigated in Roesti et al. (2012a)
displaying the strongest divergence in phenotypes and genetic markers be-
tween the selectively distinct habitats (genome–wide median F2 is 0.15 and
0.03 for Boot and Robert’s; Roesti et al. 2012a). Each of the four samples
was represented by 27 individuals (balanced sex ratio). Polymorphism data
were generated through RAD sequencing, yielding 3’930 and 7’992 genome–
wide SNPs for the Boot and Robert’s pair (details on library preparation,
76
sequencing, genotyping, SNP detection and access to the raw data are given
in Roesti et al. 2012a, b). The magnitude of divergence between the lake
and stream population was quantified by F2 based on haplotype diversity
(Nei and Tajima 1981; formula 7), tolerating only informative SNPs with a
minor allele frequency of 0.25 or greater (Roesti et al. 2012b). F2 was then
averaged across the intervals defined by adjacent markers from the mapping
cross, resulting in the same resolution as our recombination rate data (see
Fig. 4.1). This allowed us to explore the genome–wide correlation between
the magnitude of divergence and recombination rate, using r as statistic for
significance testing.
Next, we examined the prediction of a positive correlation between re-
combination rate and levels of genetic diversity within each population. For
this, we screened each of the four population samples separately for polymor-
phisms and calculated genetic diversity (haplotype diversity, Nei and Tajima
1981; singletons were omitted to exclude technical artefacts). RAD loci were
allowed to contribute a single SNP only, keeping the one with the highest
diversity at loci with multiple SNPs (drawing a SNP at random produced
very similar results). The resulting total number of SNPs varied between
4’938 and 17’649 among the populations. As a complementary analysis, we
also counted the number of polymorphisms (excluding singletons) on each
RAD locus, with the number of RAD loci varying between 6’440 and 25’186
among the populations. We considered these data, hereafter referred to as
SNP density, a valuable alternative genetic diversity metric because selection
should not only skew allele frequencies in linked regions, but also reduce the
density of polymorphisms in those regions. Both the genetic diversity and
SNP density data were averaged to the resolution of the genetic map and
tested for an association with recombination rate as described for F2.
Finally, we investigated a possible association between recombination rate
and GC content in an analogous way. However, to maximize precision, we
calculated the proportion of GC nucleotides for each marker interval based
on the full reference genome sequence rather than our RAD sequences. More-
over, we here detected a clear nonlinear relationship and therefore used as
test statistic the ratio of residual to total sum of squares of a nonparametric
regression (LOESS–robust locally weighted scatterplot smoothing; Cleveland
1979; a linear fit with r as test statistic produced similar results). We note
that this analysis assumes that patterns of nucleotide composition in the ref-
erence genome, which was built based on a Pacific–derived freshwater stickle-
back, are also representative of Atlantic–derived European populations. This
assumption is justified; repeating the correlation analysis using genome–wide
GC content estimated from consensus sequences at 27’396 RAD loci derived
from the cross grandmother produced similar results (details not presented).
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In the above correlation analyses (F2, genetic diversity, SNP density, GC
content), marker intervals with an extreme recombination rate (below 0.01
and above 40) were excluded, although analyses including all intervals pro-
duced very similar results. The final data sets thus comprised 1’783 genome–
wide marker intervals. Also, including or excluding the sex chromosome did
not materially influence the analyses; we thus report the former. Apart from
sequence alignment and BAM conversion, all analyses and plotting were car-
ried out in the R language (R Development Core Team 2012), benefiting
greatly from the Bioconductor packages ShortRead (Morgan et al. 2009),
Rsamtools and Biostrings. Data smoothing was performed with R’s imple-
mentation of LOESS.
4.4 Results
The 21 stickleback chromosomes accounted for a total genetic map length of
1’251 cM, yielding a genome–wide average recombination rate of 3.11 cM/Mb
(this number is based on the total physical genome length effectively covered
by our markers: 401.8 Mb). However, recombination rate proved highly
heterogeneous across the genome: crossovers occurred primarily in the chro-
mosome peripheries, with a greatly reduced rate in the chromosome centres
(Fig. 4.1). Except for two of the smallest chromosomes (5, 21), this pat-
tern was consistent and was particularly pronounced in the larger ones. For
instance, the average recombination rate in the first and last 5 Mb of the
largest chromosome (4) was 7.8 and 6.8 cM/Mb, whereas the segment rang-
ing from 10 to 25 Mb exhibited an c. 20–fold lower rate (0.4 cM/Mb). The
general pattern of periphery–biased recombination proved essentially insen-
sitive to centromere position (e.g., compare chromosomes 7 and 8 in Fig.
4.1). Our data also suggested a tendency for the recombination rate to drop
again right at the chromosome ends (e.g., chromosomes 1, 2, 4, 17 in, Fig.
4.1). Formally testing this observation, however, would have required higher–
resolution data, sampling the terminal domains more densely.
Comparing mean crossover number per meiosis among chromosomes re-
vealed a lower limit of approximately one crossover for the chromosomes at
the lower end of the size range (around 15 Mb) (Fig. 4.2A). With increasing
chromosome length, the crossover number also increased (r = 0.92, permuta-
tion P = 0.0001), with the largest chromosomes (around 30 Mb) displaying
c. 1.5 crossovers per meiosis. We also found a positive association between
chromosome arm length and crossover number (r = 0.87, P = 0.0001) (Fig.
4.2B). Along the short arms of telocentric and acrocentric chromosomes,
crossovers occurred rarely. These relationships caused the average recombi-
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Figure 4.1: Recombination along the 20 threespine stickleback autosomes (based on
1’872 total markers and 282 F2 individuals) and along the X chromosome (chromosome
19; based on 142 females). Marker number per chromosome is given in parentheses. The
open circles (referring to the left axis) indicate the genetic map position of the mark-
ers in Kosambi centimorgan, plotted against their physical position in the genome (in
megabases). The smaller grey dots (right axis) represent the average recombination rate
in cM/Mb for the intervals defined by pairs of adjacent markers, plotted against the inter-
vals’ physical midpoint. The grey curves show the latter data smoothed by LOESS, with
a polynomial degree of one and the smoothing span decreasing from 0.33 to 0.149 from
the smallest to the largest chromosome to ensure a constant smoothing resolution across
the panels. Dashed vertical lines specify centromere positions. Note the striking trend
towards elevated recombination rate in the peripheral chromosome regions.
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Table 4.1: Genome–wide associations between re combination rate and genetic
population divergence, and between recombination rate and within–population ge-
netic diversity. Divergence was quantified as FST between the lake and stream
sample within the Boot and Robert’s population pair. Genetic diversity within
each of the four populations was expressed as both haplotype diversity (capturing
allele frequency shifts) and the density of single nucleotide polymorphisms (SNPs)
per RAD locus. All these metrics were averaged within the physical intervals de-
fined by adjacent markers in the SNP panel used for genetic mapping (N = 1’783
intervals)
Population(s) r P
Genetic divergence (FST) Boot lake–stream -0.2699 0.0001
Robert’s lake–stream -0.1127 0.0001
Haplotype diversity Boot lake 0.1184 0.0001
Boot stream 0.0925 0.0022
Robert’s lake 0.0400 0.0929
Robert’s stream 0.0665 0.0113
SNP density Boot lake 0.1873 0.0001
Boot stream 0.1810 0.0001
Robert’s lake 0.2593 0.0001
Robert’s stream 0.1882 0.0001
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Figure 4.2: Stickleback chromosomes display an approximate minimal crossover number
of one per meiosis, and crossover number is related positively to chromosome length (A). A
similar positive relationship exists between crossover number and chromosome arm length
(B). Because the increase in crossover number with increasing chromosome length is not
proportional, longer chromosomes display a lower average recombination rate (C). The
same holds for chromosome arms (D). Note that (C) and (D) have different scales on the
Y–axis.
nation rate to be higher on short chromosomes and chromosome arms than
on longer ones (Fig. 4.2C, 4.2D; chromosomes: r = –0.66, P = 0.0026; arms:
r = –0.76, P = 0.0001). We found no indication of an overall difference
in recombination rate between the sexes (P = 0.982); total autosomal map
length was almost identical (1’190 cM) for males and females. Analyzing
each chromosome separately also revealed only trivial sex–related differences
in recombination rate (none of them remained significant when correcting
for multiple testing). We further detected no significant QTL driving overall
recombination rate on any of the 21 chromosomes (maximum LOD = 2.98; P
= 0.261), keeping in mind the methodological limitations mentioned above.
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Figure 4.3: Patterns of recombination and divergence between the X and Y chromo-
some. In the top panel, the abscissa gives the physical position along the reference X
chromosome. The centromere is indicated by the dashed grey vertical line. The domain
on the left shaded in grey indicates the extent of the pseudoautosomal region (PAR) where
the gametologs still recombined in our cross (the PAR boundary lies between 1.75 and 2.22
Mb). The dots show the ratio of female to male sequence coverage across 100 individuals
per sex for 1’556 RAD loci (the black curve shows these data smoothed; degree = 1, span
= 0.025). Within the PAR, the coverage ratio approximates unity (lower grey horizontal
line), as expected for a DNA segment homochromatic between X and Y. Outside the PAR,
many RAD loci display twofold higher sequence coverage in females than males (upper
grey horizontal line), consistent with strong degeneration or loss of the X sequence on the
Y. Note that two levels of Y degeneration (‘evolutionary strata’) are indicated (abutting
at 12 Mb), the left one coinciding with the minimal size of a pericentric inversion on the Y
inferred by Ross and Peichel (2008; visualized as heavy grey horizontal bar). On the bot-
tom, we present the patterns of XY divergence inferred from our data in schematic form.
Highly consistent patterns were also found when analyzing natural population samples
from Europe and Canada (see Fig. S10 (Supplementary material)).
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Figure 4.4: Genetic divergence and genetic diversity in relation to recombination rate
(shown as heavy grey line referring to the right axis in both panels) in natural lake and
stream stickleback populations, exemplified for the largest chromosome (4). In (A), we
show the smoothed (degree = 0, span = 0.35) magnitude of lake–stream divergence (FST)
for the Boot (black) and Robert’s (blue) population pair (for the sake of clarity, the un-
derlying raw data points are not shown). To facilitate comparison, the data were centered
to a mean of zero before smoothing. Note that divergence is greatest in the chromosome
centre where recombination rate is lowest, an effect more pronounced in the Boot popula-
tion pair showing much stronger overall divergence. In (B), we display smoothed genetic
diversity, quantified as single nucleotide polymorphism density, for the lake (solid line) and
stream (dashed line) population in the Boot (black) and Robert’s (blue) population pair
(data also centered). Note the strong and consistent positive association between genetic
diversity and recombination rate.
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Figure 4.5: Genome–wide relationship between GC content and recombination rate.
The data points are the intervals defined by adjacent markers in the single nucleotide
polymorphism panel used for genetic mapping (N = 1’783 intervals). GC content was
calculated for each marker interval by using information from the stickleback reference
genome. The grey line shows the smoothed data (degree = 2, span = 0.85; a standard
correlation produces r = 0.49).
4.4.1 Recombination and degeneration along the sex
chromosome
In our F2 population, XY recombination never occurred beyond the marker
located at 1.75 Mb (Fig. 4.3). We thus demonstrate the presence of a small
pseudoautosomal region (PAR), spanning c. 10% of the entire X chromosome
only. The comparison of female with male RAD sequence coverage along
the sex chromosome clearly revealed Y degeneration outside the PAR (Fig.
4.3). Moreover, the extent of degeneration was not uniform outside the PAR:
within the segment from c. 12 Mb to the chromosome end opposed to the
PAR, Y sequences generally did not align to the X reference. By contrast, the
segment ranging from c. 2 to 12 Mb showed weaker degeneration. Despite
small sample size and hence more random noise, analogous analyses in the
two natural populations produced very similar results supporting identical
conclusions (Fig. S10 (Supporting material)).
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4.4.2 Genetic divergence, genetic diversity and GC con-
tent
The prediction of a negative genome–wide association between recombina-
tion rate and F2 was clearly confirmed (Table 4.1; Fig. 4.4A). Shifts in al-
lele frequencies between populations were thus greater in low–recombination
regions. As expected, this effect was stronger in the Boot lake–stream pair
showing greater overall divergence (and hence higher variance in F2) than the
Robert’s pair (see Roesti et al. 2012a). The two complementary analyses of
genetic diversity within populations also agreed with the prediction: all cor-
relations were positive and generally highly significant (Table 4.1; Fig. 4.4B).
Genetic diversity was thus reduced in marker intervals exhibiting a relatively
low recombination rate. Finally, we found a striking positive broad–scale
association between recombination rate and GC content across the genome
(Fig. 4.5; P = 0.0001). Marker intervals showing relatively high recombina-
tion rates (around 10 cM/Mb or greater) displayed an c. 10% higher average
GC content than intervals at the lower end of recombination rates (around 1
cM/Mb or lower).
4.5 Discussion
A major finding of our analysis of recombination in the threespine stickleback
genome is the strong bias of crossover to occur primarily in the chromosome
peripheries. This pattern confirms preliminary evidence from vertebrates
(Borodin et al. 2008; Chowdhury et al. 2009; Backström et al. 2010; Wong
et al. 2010; Bradley et al. 2011; Auton et al. 2012; Sandor et al. 2012;
Tortereau et al. 2012), invertebrates (Rockman and Kruglyak 2009; Niehuis
et al. 2010), plants (Akhunov et al. 2003; Anderson et al. 2003; but see
Salomé et al. 2012) and yeast (Barton et al. 2008). This striking consis-
tency across taxa implies a common mechanistic basis: crossovers seem to
be initiated from the peripheries. Indeed, peripheral clustering of chromo-
somes during the meiotic prophase I is believed to play a key role in proper
homolog pairing and probably also in crossover initiation (Scherthan et al.
1996; Roeder 1997; Harper et al. 2004; Brown et al. 2005; Naranjo and
Corredor 2008). Peripheral crossover might also favor proper homolog dis-
sociation (Colombo and Jones 1997; Hassold and Hunt 2001). Whatever
the exact cause, the observed periphery bias in the distribution of crossovers
in the stickleback genome (and many other genomes) implies strong mech-
anistic constraints on the distribution of recombination. Therefore, genetic
information is reshuﬄed much more effectively in some genomic regions than
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in others.
Moreover, taking into account a slight underestimation of recombination
(see Materials and methods), our data indicate that stickleback chromo-
somes display at least one crossover per meiosis. This is consistent with the
notion that one crossover per chromosome and meiosis is generally required
for proper homolog segregation (Mather 1938; Baker et al. 1976; Roeder
1997; Smith and Nicolas 1998; Hassold and Hunt 2001), and reflects another
mechanistic constraint on recombination. The widely accepted idea of one
obligate crossover per chromosome arm, however, is not supported by our
data (see also Borodin et al. 2008; Fledel–Alon et al. 2009): on acrocentric
and telocentric stickleback chromosomes, the shorter arm rarely crosses over.
We further find that the number of crossovers beyond one is a function of
chromosome length. Standardized by their length, however, large chromo-
somes still exhibit a lower recombination rate than small chromosomes, the
same also being true for chromosome arms.
4.5.1 Sex chromosome evolution
Sex chromosomes are generally thought to evolve from an ordinary pair of
homologous autosomes that partly stop crossing over to prevent alleles at loci
with sexually antagonistic effects from recombining (Bull 1983; Charlesworth
and Charlesworth 2000; Charlesworth et al. 2005; Wilson and Makova 2009).
This cessation of recombination should initiate the differentiation of the ga-
metologs. While early karyotypic investigations in threespine stickleback
found no evidence of heteromorphic sex chromosomes (Chen and Reisman
1970; Cuñado et al. 2002), recent investigations have indicated reduced re-
combination, chromosomal rearrangements and sequence divergence between
the X and Y (Peichel et al. 2004; Ross and Peichel 2008; Shikano et al. 2011;
Natri et al. 2013). These observations, based on a small number of mark-
ers, are greatly refined and extended by our sex chromosome analysis. We
confirm that XY recombination is restricted to a small PAR, as suggested
by Ross and Peichel (2008). The requirement of at least one crossover per
meiosis thus implies a very high average recombination rate (c. 25 cM/Mb)
across the PAR in males. This agrees with the estimation by Peichel et al.
(2004) of a much greater distance between markers lying within the PAR in
male than in female genetic maps (e.g., the genetic distance in the Paxton
cross between the microsatellites Stn303 and Stn186, located at 0.4 and 1.9
Mb, is 27.3 cM in females and 47.7 cM in males).
A consequence of the cessation of recombination along most of the sex
chromosome is that the region on the Y outside the PAR occurs in per-
manently heterozygous state and at lower population size than the X. Both
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conditions are predicted to make selection on the Y less effective and hence to
promote its degeneration (Felsenstein 1974; Charlesworth and Charlesworth
2000; Otto and Lenormand 2002; Charlesworth et al. 2005; Wilson and
Makova 2009). Our results strongly support this view: outside the PAR,
RAD loci often display only half the sequence coverage in males relative to
females, consistent with substantial sequence degeneration (or loss) on the
Y. Interestingly, our analysis further indicates two discrete levels of Y de-
generation, with much stronger degeneration along the c. 8 Mb towards the
chromosome end opposed to the PAR than along the c. 10 Mb adjacent to
the PAR. Such ‘evolutionary strata’ (Lahn and Page 1999) have been found
in mammals (Lahn and Page 1999; Sandstedt and Tucker 2004; Pearks Wilk-
erson et al. 2008), birds (Lawson Handley et al. 2004; Nam and Ellegren
2008) and plants (Bergero et al. 2007; Wang et al. 2012). To our knowledge,
we here provide the first evidence for evolutionary strata in fish.
Evolutionary strata are generally taken as evidence that XY recombina-
tion ceased simultaneously across large domains of the evolving sex chromo-
some. An obvious way how this may happen is through chromosomal inver-
sion. Indeed, a recent study using in situ fluorescent hybridization argued for
a large pericentric inversion on the Y relative to the X, with breakpoints at
c. 3 and 12 Mb (Ross and Peichel 2008). The evolutionary stratum adjacent
to the PAR identified in our work matches this inversion almost perfectly
and allows us to refine its physical boundaries. Threespine stickleback thus
reinforce the view that recombination suppression along evolving sex chro-
mosomes will primarily occur through inversion rather than crossover rate
modifier genes (Charlesworth et al. 2005).
It would now be interesting to date the two bouts of recombination sup-
pression underlying the evolutionary strata in the species based on sequence
divergence between homologous loci on the X and Y (Lahn and Page 1999;
Lawson Handley et al. 2004; Nam and Ellegren 2008; Pearks Wilkerson et
al. 2008; Wang et al. 2012). We note that this might be difficult for stra-
tum 2 if the remarkably strong degeneration detected in our analysis actually
reflects deletion (Peichel et al. 2004). Clearly, however, patterns of XY di-
vergence were already established prior to the split into Pacific and Atlantic
stickleback clades (Fig. 10 (Supplementary material)).
4.5.2 Consequences of heterogeneous recombination rate
on genome evolution
The rate of recombination within a genomic region determines to which ex-
tent selection on a locus influences allele frequencies at neutral loci, and
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interferes with selection on other loci, in its physical neighborhood (Hill and
Robertson 1966; Maynard Smith and Haigh 1974; Barton and Bengtsson
1986; Kaplan et al. 1989; Begun and Aquadro 1992; Nordborg et al. 1996;
Charlesworth et al. 1997; Charlesworth 1998; Nachman 2002; Feder and
Nosil 2010). Several types of selection (divergent, positive and background)
should therefore increase divergence among populations and reduce genetic
diversity within populations in low–recombination genomic regions relative
to regions where recombination rate is higher.
Consistent with these predictions, we have recently shown that the mag-
nitude of divergence between neighboring lake and stream stickleback pop-
ulations is dramatically biased towards chromosome centers (Roesti et al.
2012a). (Note that divergence in these young populations essentially reflects
differential sorting of standing variation rather than novel mutations.) Using
robust recombination rate data, we here demonstrate that elevated diver-
gence in these population pairs is related to reduced recombination. Because
lake and stream stickleback occupy selectively distinct environments (Berner
et al. 2008, 2009), the divergence–recombination association almost certainly
arises from within–chromosome variation in hitchhiking and/or introgression.
The present study further demonstrates reduced within–population ge-
netic diversity in the chromosome centers relative to the peripheries, resulting
in a genome–wide positive correlation between diversity and recombination
rate. A similar correlation has previously been reported in a broad range
of organisms (Begun and Aquadro 1992; Kraft et al. 1998; Nachman 2001;
Tenaillon et al. 2001; Takahashi et al. 2004; Roselius et al. 2005; McGaugh
et al. 2012). Given that a positive correlation between recombination rate
and genetic diversity may also arise if recombination is directly mutagenic
(Spencer et al. 2006; Webster and Hurst 2012; but see McGaugh et al. 2012),
caution is generally warranted when inferring from the above correlation that
recombination rate modulates the influence of selection on linked sites across
the genome. In our lake–stream stickleback systems, however, the colocaliza-
tion of elevated population divergence and reduced genetic diversity within
young populations residing in selectively distinct environments provides clear
support for such an indirect influence of recombination on genome evolution
(see also Stoelting et al. 2013). The precise selective processes driving these
patterns, however, remain to be elucidated.
In addition to these indirect (selective) effects, our study perhaps also
points to a direct effect of recombination on stickleback genome evolution:
large–scale bias in nucleotide composition. Across the genome, GC content is
higher in regions displaying relatively elevated recombination rate – that is, in
the chromosome peripheries. Interestingly, the positive association between
GC content and recombination rate seems as widespread as periphery bias
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in recombination rate; it has been reported in mammals (Jensen–Seaman et
al. 2004; Spencer et al. 2006; Duret and Arndt 2008; Auton et al. 2012;
Tortereau et al. 2012), birds (ICGSC 2004; Backström et al. 2010), in-
sects (Niehuis et al. 2010; Stevison and Noor 2010; but see Comeron et
al. 2012), plants (Muyle et al. 2011) and yeast (Gerton et al. 2000; Bird-
sell 2002). As hypothesized in other organisms, elevated GC content in the
stickleback genome might represent a direct causal consequence of elevated
recombination rate, given evidence of GC bias in the machinery correcting
nucleotide mismatch in heteroduplex DNA formed during crossover initia-
tion (GC–biased gene conversion; Brown and Jiricny 1987; Bill et al. 1998;
Galtier et al. 2001; Birdsell 2002; Meunier and Duret 2004; Mancera et al.
2008; Duret and Galtier 2009; Muyle et al. 2011). Our correlational data,
however, cannot address this causal hypothesis conclusively; direct experi-
mental evidence is needed.
4.5.3 Methodological implications
In addition to the above influences on genome evolution, heterogeneous re-
combination rate within the genome has important methodological impli-
cations. Marker–based genome scans searching for signatures of divergent
selection in the form of locally elevated divergence between ecologically dis-
tinct populations (Lewontin and Krakauer 1973; Beaumont and Nichols 1996;
Luikart et al. 2003; Beaumont 2005; Nielsen 2005; Storz 2005) are becom-
ing commonplace. What is generally ignored is that the distortion between
physical and genetic maps will dilute the link between the selection coefficient
on a locus and the magnitude of hitchhiking produced in its neutral neigh-
borhood (Roesti et al. 2012a; this chapter). In other words, a locus under
selection is more likely to be detected when located in a low–recombination
region where hitchhiking is more extensive. This bias should increase with
decreasing marker resolution and with increasing sliding window size. The
generality of chromosome periphery–biased recombination rate across taxa
therefore raises a potential caveat to the interpretation of differentiation out-
liers in genome scans when combined physical and genetic map information is
missing (i.e. ‘anonymous’ approaches; for one strategy to alleviate this diffi-
culty when a physical map is available, see Roesti et al. 2012a). An analogous
issue arises when interpreting the number and effect size of mapped QTL:
within low–recombination regions, multiple loci of small effect are more likely
to emerge as a single large–effect locus (Noor et al. 2001).
Finally, our study highlights the need for a reliably assembled genome for
investigations of recombination and linkage. Assembly errors will inflate the
genome–wide average crossover frequency, distort the recombination land-
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scape and bias analyses of linkage disequilibrium along chromosomes. For
instance, we find that a high–recombination island on chromosome 4 inferred
in Hohenlohe et al. (2012) coincides with the boundary of a scaffold anchored
in the wrong sense within that chromosome (see Fig. S9 (Supporting mate-
rial)) and hence represents an artifact. The same assembly error also mimics
long–distance linkage disequilibrium along this chromosome (Hohenlohe et
al. 2012).
To summarize, our analysis of recombination in threespine stickleback
indicates strong constraints on the frequency and location of crossovers im-
posed by the mechanistic requirements of meiosis. At the same time, we
demonstrate that recombination influences the genome profoundly, both by
modulating the consequences of selection across the genome and perhaps by
directly influencing nucleotide composition. We anticipate that our char-
acterization of the recombination landscape will facilitate interpretations of
genome scans and QTL mapping in the species, promote further investi-
gations on sex chromosome evolution and pave the way for more detailed
investigations of the determinants and consequences of recombination.
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and head length.
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5.1 Abstract
Advances in genomic techniques are greatly facilitating the study of molec-
ular signatures of selection in diverging natural populations. Connecting
these signatures to phenotypes under selection remains challenging, but ben-
efits from dissections of the genetic architecture of adaptive divergence. We
here perform quantitative trait locus (QTL) mapping using 488 F2 individu-
als and 2011 single nucleotide polymorphisms (SNPs) to explore the genetic
architecture of skeletal divergence in a lake–stream stickleback system from
Central Europe. We find QTLs for gill raker, snout, and head length, ver-
tebral number, and the extent of lateral plating (plate number and height).
Although two large–effect loci emerge, QTL effect sizes are generally small.
Examining the neighborhood of the QTL–linked SNPs identifies several genes
involved in bone formation, which emerge as strong candidate genes for skele-
tal evolution. Finally, we use SNP data from the natural source populations
to demonstrate that some SNPs linked to QTLs in our cross also exhibit
striking allele frequency differences in the wild, suggesting a causal role of
these QTLs in adaptive population divergence. Our study paves the way
for comparative analyses across other (lake–stream) stickleback populations,
and for functional investigations of the candidate genes.
5.2 Introduction
Exploring the genetic basis of adaptation promises to illuminate several long–
standing issues in biological diversification. These include the number and
genomic location of genetic changes underlying adaptation, their role in de-
velopmental pathways, their phenotypic effects and resulting ecological con-
sequences, and their predictability (Orr 1998; Barton and Keightley 2002;
Phillips 2005; Hoekstra and Coyne 2007; Mitchell–Olds et al. 2007; Wray
2007; Arendt and Reznick 2008; Stern and Orgogozo 2008; Mackay et al.
2009; Rockman 2011; Wake et al. 2011; Yeaman and Whitlock 2011). Cur-
rently, perhaps the most popular approach to investigating the genetics of
adaptation is divergence mapping (Nielsen 2005; Storz 2005; Oleksyk et al.
2010). Here a large set of genome–wide molecular markers is screened for
putative signatures of divergent selection between ecologically distinct pop-
ulations. In well–developed empirical systems, this is proving a powerful
method for the discovery of genomic regions or candidate genes involved in
adaptive divergence (e.g., Akey et al. 2002; Voight et al. 2006; Hohenlohe
et al. 2010; Lawniczak et al. 2010; Jones et al. 2012; Nadeau et al. 2012;
Roesti et al. 2012a, 2014; Mateus et al. 2013; Stölting et al. 2013). A
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short coming of divergence mapping, however, is that in general molecular
signatures alone cannot tell us much about the traits actually targeted by
selection (Mitchell–Olds et al. 2007; Stinchcombe and Hoekstra 2008; Storz
and Wheat 2010). In the years to come, we can thus anticipate a surge of in-
formation about genome regions putatively influenced by divergent selection
in many organisms, but knowledge about the phenotypes transferring selec-
tion to the molecules is likely to lag behind. Understanding the genetics of
adaptation will thus benefit greatly from the combination of purely genomic
investigations with extensive data on the genetic architecture of phenotypic
divergence, as for instance obtained by quantitative trait locus (QTL) map-
ping.
In the present study, we report a QTL mapping experiment performed in
a powerful system for studying adaptive divergence: lake and stream popu-
lations of threespine stickleback fish. Following the retreat of the last Pleis-
tocene ice sheets, the colonization of freshwater by ancestral marine stickle-
back has resulted in the establishment of numerous populations occurring in
adjacent lake and stream habitats (Reimchen et al. 1985; Lavin and McPhail
1993; Thompson et al. 1997; Hendry and Taylor 2004; Berner et al. 2008,
2010a; Aguirre 2009; Bolnick et al. 2009; Deagle et al. 2012; Lucek et al.
2013; Ravinet et al. 2013; Chapter 1). Lake and stream stickleback are
often ecologically divergent, with the most consistent difference concerning
their foraging modes: lake stickleback partly or exclusively exploit pelagic
food resources (zooplankton), whereas stream stickleback generally use ben-
thic prey (macroinvertebrates; Gross and Anderson 1984; Berner et al. 2009;
Kaeuffer et al. 2012; Ravinet et al. 2013; Chapter 1). This divergence in
foraging modes is associated with relatively consistent phenotypic differences
in traits presumably important for prey capture and handling, such as over-
all body shape and gill raker structure (Reimchen et al. 1985; Lavin and
McPhail 1993; Berner et al. 2008, 2009, 2010a; Kaeuffer et al. 2012; Lucek
et al. 2013; Ravinet et al. 2013). The existence of replicate, ecologically
and phenotypically divergent population pairings makes lake–stream stickle-
back an appealing system for the search of molecular signatures of divergent
selection. Indeed, divergence mapping has already been performed in some
lake–stream stickleback systems (Deagle et al. 2012; Roesti et al. 2012a).
By contrast, very little is known about the genetics of phenotypic diver-
gence between lake and stream stickleback. Quantitative genetic (common–
garden) experiments have demonstrated a genetic basis to divergence in some
foraging traits (Lavin and McPhail 1993; Sharpe et al. 2008; Berner et al.
2011), but QTL dissections of the genetic architecture of phenotypic diver-
gence have yet to be performed. We here take up this challenge by using
QTL mapping to explore the genetic basis of divergence in skeletal features
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between lake and stream stickleback populations from Central Europe.
5.3 Material and methods
5.3.1 Cross
Our study is based on an F2 intercross population derived from a single in
vitro cross of a male from Lake Constance (sampled at the ROM lake site
described in Berner et al. 2010a) with a female from a stream draining into
Lake Geneva (the CHE stream site in Berner et al. 2010a). The F2 panel
comprises 492 individuals (251 males, 237 females) selected haphazardly at
one year of age from 35 separate F1 crosses, each produced by a unique
full–sib pairing. All details on crossing, husbandry, and handling are exactly
as described in chapter 4, a recombination study based on a subset of 282
individuals from the full F2 population used here for QTL mapping.
All fish were euthanized with an overdose of MS–222, photographed im-
mediately as described in Berner et al. (2009), and stored in absolute EtOH.
After six months of preservation, a fin clip was taken for genetic analysis
and each individual was subjected to a digital X–ray scan of the whole body
and a higher resolution scan of the head. This was performed by using a
Faxitron Digital Specimen Radiography System LX–60 (tube voltage 35 kV,
tube current 0.3 mA), including a reference size scale in all scans
5.3.2 Phenotyping
Our study focuses on aspects of skeletal morphology, here defined broadly
as bone traits. The first trait of interest was the length of the gill rakers
(bony tubercles) located on the first branchial arch (Fig. 5.1). Gill rakers
are important to foraging because they influence prey retention and handling
performance (Gerking 1994; Sanderson et al. 2001). In particular, longer gill
rakers generally promote foraging on small prey items (such as zooplankton),
whereas shorter gill rakers are favored in fish foraging on larger prey (such as
macroinvertebrates). Indeed, the natural source populations of our cross are
highly divergent in this trait, with the lake population displaying 25% longer
size–corrected gill rakers than the stream population (standardized mean
difference: 0.99; see Fig. 5.2 in Berner et al. 2010a), and this divergence
coincides with distinct foraging modes: Lake Constance stickleback forage
pelagically on zooplankton (Lucek et al. 2012; Chapter 1), whereas their
conspecifics from the CHE stream site feed on larger benthic macroinverte-
brates (Berner et al. 2010a). Given that such concurrent divergence in gill
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raker length and prey utilization has also been found in other (lake–stream)
stickleback systems (Gross and Anderson 1984; McPhail 1984; Schluter and
McPhail 1992; Bolnick 2004; Berner et al. 2008, 2010a,b; Matthews et al.
2010; Ravinet et al. 2013), and even in distantly related fish species (Kahi-
lainen and Ostbye 2006; Pfaender et al. 2011), the divergence between ROM
and CHE stickleback is very likely adaptive. We note that benthic versus
pelagic resource specialization often coincides with additional divergence in
gill raker number, but because the source populations are not divergent in
this trait (Berner et al. 2010a), we did not include this trait in the current
analysis. Gill raker length was measured on the left first branchial arch of
the preserved specimens under a stereomicroscope fitted with an ocular mi-
crometer at 50× magnification (precision: 0.01 mm). We measured and then
averaged the length of the rakers two to five (counted from the joint with the
dorsal arch bone, see Berner et al. 2008).
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Figure 5.1: Traits subjected to QTL mapping in lake and stream stickleback. (A) X–
ray scan of a partially plated stickleback visualizing snout length (SL), head length (HL),
the vertebrae, and the lateral plates. Plate height was measured on the plates 11 and 13
posterior to the pelvic girdle (PG). (B) Detail of the head, showing the gill rakers (GR)
on the first lower branchial arch (BA). The subpanels (C) and (D) display, on the same
scale as (B), the gill rakers of two size–matched individuals from the upper and lower end
of the gill raker length distribution.
Next, we considered two aspects of head morphology: snout length and
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overall head length (Fig. 5.1). The pelagic ROM lake population displays
lower values for both traits relative to the CHE stream population foraging on
benthic prey (Berner et al. 2010a), and similar foraging–related divergence
is also seen in other stickleback systems (Caldecutt and Adams 1998; Albert
et al. 2008). Moreover, head morphology typically shows sexual dimorphism
(Caldecutt and Adams 1998; Kitano et al. 2007; Albert et al. 2008; Aguirre
and Akinpelu 2010; Berner et al. 2010a, 2011; Ravinet et al. 2013). This
dimorphism is possibly also related to differential foraging modes. The rea-
son is that in stickleback, males tend a nest and provide parental care. The
(presumably ancestral) necessity of males to forage on benthic resources dur-
ing the breeding season while females can continue to exploit pelagic prey
may have driven divergence in head structure between the sexes (Bentzen
and McPhail 1984; Bentzen et al. 1984). Both snout length and head length
were measured from the head X–ray scans. The former was defined as the
distance from the joint to the tip of the lower jaw, the latter as the distance
from the tip of the lower jaw to the dorsal posterior edge of the cranium.
The next trait quantified was vertebral number. Stickleback populations
often differ in the number of vertebrae (Hagen and Gilbertson 1972; Moodie
and Reimchen 1976; Reimchen et al. 1985). Although the functional basis of
this variation remains poorly understood (but see Swain 1992), genetic anal-
ysis in stickleback may provide insights into vertebral diversification in other
fish (Ward and Brainerd 2007; McDowall 2008) and vertebrates in general.
As a first step, we thus produced whole–body X–ray scans of 14 specimens
from each natural source population, counted all vertebrae excluding the
urostyle (Fig. 5.1), and tested for a population difference in mean count
using 9’999 random permutations of the trait over the populations (Manly
2007; all significance testing in this study was performed using analogous
permutation procedures). This analysis made clear that ROM stickleback
have a higher number of vertebrae than CHE fish (see Results). Following
the same methods, we therefore quantified vertebral number for the full F2
panel. Because of skeletal anomalies, 18 individuals could not be scored
unambiguously, leaving 474 datapoints.
Finally, our phenotypic analysis included elements of lateral plating. An-
cestral marine stickleback display a complete series of bony plates along their
body, whereas the number of plates is typically greatly reduced in freshwa-
ter populations (Bell and Foster 1994). This difference is presumably at-
tributable to differential exposure to predators (Hagen and Gilbertson 1972;
Reimchen 1994a; Bergstrom 2002; Leinonen et al. 2011a), although other
ecological factors targeting plate number or other traits correlated with plate
number due to pleiotropy or genetic linkage might influence plate evolution
as well (e.g., Heuts 1947; Giles 1983; Barrett et al. 2009; Myhre and Klepaker
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2009; Leinonen et al. 2011b; Roesti et al. 2014). Interestingly, Lake Con-
stance stickleback are a rare example of a freshwater population almost com-
pletely fixed for the fully plated phenotype (Berner et al. 2010a; Chapter 1).
Because plating is reduced in several tributary streams to Lake Constance,
the persistence of full plating in the lake likely reflects an adaptation to high
predator exposure associated with a pelagic life style. By contrast, CHE
stickleback represent a typical low–plated freshwater population (Berner et
al. 2010a), thus providing the opportunity to map variation in lateral plating
in the F2 cross. Consistent with previous work (Berner et al. 2010a; Chapter
1), we scored the extent of lateral plating using three discrete phenotypic
classes (low, partially, and fully plated).
Previous mapping efforts and subsequent functional analysis in Pacific
marine and freshwater stickleback have already identified the Ectodysplasin
(EDA) gene as a major driver of evolutionary shifts in the extent of lat-
eral plating (Colosimo et al. 2004, 2005; Cresko et al. 2004; Baird et al.
2008). Moreover, targeted sequencing of the entire EDA coding region re-
vealed distinct haplotypes in fully plated Lake Constance versus low–plated
CHE stream fish (Berner et al. 2010a). Our primary objective in map-
ping plate morph was therefore to assess if genomic regions beyond EDA
contribute to plating divergence between these European freshwater popu-
lations. To this end, we additionally counted the total number of lateral
plates posterior to the pelvic girdle (including the plates forming the caudal
keel) across both body sides in the subset of F2 individuals genotyped unam-
biguously as heterozygotes at our single SNP marker located within EDA.
Focusing on this particular subset (N = 209) allowed us to screen for loci
influencing the extent of plating while controlling rigorously for the effect of
the known major locus.
As an alternative to reducing the extent of lateral plating via a reduc-
tion in the number of plates (see above), stickleback sometimes appear to
evolve shallower plates (Leinonen et al. 2012). Although differences in plate
size between ROM and CHE stickleback could not be examined adequately
because the latter are low–plated, a preliminary inspection of the F2 popula-
tion indicated substantial variation in plate height. We therefore measured
the maximal height of the plates 11 and 13, as counted from the pelvic gir-
dle, perpendicular to the anterior–posterior axis on the left body side (Fig.
5.1). Measurements were taken with a digital caliper (precision: 0.01 mm)
handled under a stereomicroscope at 10–30× magnification. As plate height
could only be quantified in the fully and most of the partially plated indi-
viduals, sample size was 358 and 342 for plate 11 and 13.
All metric (length) traits considered in our study scaled strongly with
overall body size (Pearson’s r: 0.49–0.84), whereas the meristic (count) traits
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did not (vertebral number: r = 0.042; lateral plate number: r = 0.045). Prior
to QTL mapping, we therefore subjected the former traits to size correction
by regressing each trait separately against body size, and treating the residu-
als as size–independent variables (Reist 1985; Berner 2011). These variables
were shifted back into the original measurement range by adding the trait
value predicted by the regression at mean body size across all individuals.
To obtain a robust size metric for these procedures, we used tpsDig (Rohlf
2001) to digitize 16 landmarks as described in Berner et al. (2010a) on the
digital photographs of all individuals, and extracted geometric morphometric
centroid size using TpsRelw (Rohlf 2001).
Finally, we assessed measurement precision for all traits by remeasuring
30 haphazardly selected individuals on a second occasion, and calculating
the repeatability (Lessells and Boag 1987). Repeatability was consistently
very high, ranging from 0.96 (plate number) to 1 (vertebral number, plate
morph).
5.3.3 Marker generation
As markers for mapping, we used single nucleotide polymorphisms (SNPs)
discovered by RAD sequencing (Baird et al. 2008). In brief, this involved
DNA restriction with the Sbf1 enzyme, and sequencing pools of 62 barcoded
individuals in eight lanes with 100 cycles on an Illumina HiSeq 2000 instru-
ment. RAD library preparation and the bioinformatics pipeline used for SNP
discovery and genotyping were exactly as described in chapter 4. From the
2165 markers thus obtained, we excluded 154 to avoid Sbf1 restriction sites
being represented by more than one SNP. We also discarded four individuals
exhibiting more than 10% missing genotypes across all markers. Our final
mapping dataset thus comprised 488 F2 individuals (recall that sample size
was lower for some traits) and 2’011 SNPs.
5.3.4 QTL mapping
All SNPs were ordered physically according to the stickleback genome re-
assembly performed in chapter 4, resulting in 61–152 markers per chromo-
some and a median marker spacing of 118 kb. Next, we excluded 111 indi-
viduals with relatively low genotyping quality, as judged by clearly inflated
genome–wide crossover count (we here used 2.5 times the median autoso-
mal crossover count across all 488 individuals as threshold). The remaining
377 individuals were used to estimate the genetic map in R/qtl (Broman
and Sen 2009), applying the Kosambi map function (assuming crossover in-
terference). The resulting genetic map proved highly consistent with that
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provided in chapter 4 based on fewer individuals but with genotype errors
corrected manually, and was used to specify the genetic marker distances for
QTL mapping. Mapping with genetic distances estimated by using the full
F2 panel produced very similar results (details not presented).
All phenotypes were subjected to single–QTL interval mapping in R/qtl
using the extended Haley–Knott regression method (Broman and Sen 2009)
and the full F2 panel. Head length was mapped both with and without snout
length entered as covariate, as our head length measure included the snout
tip. We present the former analysis only, noting that both approaches pro-
duced quantitatively very similar results. QTL significance was established
based on the distribution of genome–wide maximum LOD (logarithm of the
odds ratio for QTL likelihood) scores across 1000 random permutations of
the phenotype data over the genotype data (Broman and Sen 2009). In the
Results, we present only QTLs significant at the 0.05 level, but additional
loci are considered in the Discussion, and a table including suggestive QTLs
(0.05 ≤ P < 0.1) is provided as Table S4 (Supplementary material). QTL
effect sizes were quantified both as the percentage of the total phenotypic
variance in the F2 cross explained by the QTLs (percent variance explained,
PVE), and as their allelic substitution effect (i.e. the phenotypic difference
between the two homozygous genotype classes). We present the latter both
in the traits’ original measurement scale (millimeter for all length traits),
and standardized by the average standard deviation within the homozygous
genotype classes. All statistics and plotting were carried out with the R
language (R Development Core Team 2013).
5.3.5 Exploring QTLs
Following QTL detection, we retrieved from the Ensembl Genome Browser all
genes located in the physical window spanned by the two SNPs flanking the
marker displaying the LOD peak (this interval usually coincided with the 1.5
LOD support interval). We then scanned these gene lists for strong causative
candidates, as judged by information on protein function in vertebrate model
organisms (chicken, mice, rats, humans) compiled in the UniProt database
(The UniProt Consortium 2013).
In addition, the availability of RAD sequences generated previously for
the ROM and CHE population allowed us to inspect the magnitude and di-
rection of allele frequency shifts in the wild at QTLs discovered in the F2
population. Although this type of follow–up analysis has, to our knowledge,
not previously been carried out, it promised stronger QTL inference because
a genotype–phenotype association shared between a cross and its natural
source populations suggests that the focal QTL is effectively contributing to
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divergence in the wild, as opposed to being specific to the cross. As a caveat,
we note that this approach assumes that the tight linkage detected between
marker and QTL alleles in the cross also persists in the wild. Specifically,
we here capitalized on RAD sequence data from 27 individuals sampled from
each source population. Details on the wet laboratory protocol, the analysis
pipeline, and access to the sequence data are provided in Roesti et al. (2012b;
this reference describes data generation for the ROM population only; the
CHE dataset has not previously been analyzed but was generated in exactly
the same way). Because the RAD libraries of both the cross and the natural
populations were generated using the Sbf1 restriction enzyme, all RAD loci
of interest were shared among the two datasets. However, the latter libraries
were Illumina–sequenced to 76 bases as opposed to 100 bases for the cross,
thus precluding the examination of allele frequencies in the natural popula-
tions at QTL–linked SNPs located distal to the restriction site. We further
ignored SNPs linked to lateral plate height QTLs because we here lacked in-
formation on the direction and magnitude of divergence between the natural
populations (see above).
For those SNPs represented in both the cross and the natural population
datasets (four SNPs in total), we first determined from which population
each of the two alleles present in the cross originated. This assignment was
unambiguous because our study considered only markers homozygous within
each grandparent (Chapter 4). Next, we arbitrarily converted the two alleles
to integers (0, 1) and tested for frequency shifts by random permutation, us-
ing the difference in the population means as test statistic. While providing
a formal test for population divergence at QTL–linked SNPs, this approach
yielded no information regarding the potential cause of divergence at these
SNPs. To gain insights into the latter, we performed a second analysis com-
paring the SNP allele frequency shifts between the natural populations to
the magnitude of genome–wide baseline divergence between the populations.
The rationale was that an allele frequency shift clearly exceeding baseline
divergence – reflecting the magnitude of differentiation by drift – offers evi-
dence for divergent selection having acted in the close neighborhood of the
QTL–linked marker. We recognize the possibility, however, that selection
may not have target the detected QTL itself, but a nearby locus unrelated
to the mapped phenotype.
We thus translated allele frequency differences at the QTL–linked SNPs
to FST (Nei and Tajima 1981, eq. 7), and estimated the confidence interval
for FST as the 95 percentile of the distribution produced by bootstrap resam-
pling the observed alleles 10’000 times within each population (Manly 2007).
This confidence interval was then evaluated against the magnitude of base-
line differentiation between the ROM and CHE population samples, defining
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baseline differentiation as genome–wide median FST (Roesti et al. 2012a).
Following Roesti et al. (2012a,b), the estimation of baseline differentiation
ignored SNPs with a minor allele frequency < 0.25 to avoid polymorphisms
with low information content, and for RAD sites harboring multiple poly-
morphisms used only the one SNP yielding the highest FST value. Baseline
differentiation thus calculated was 0.37 across 5’429 informative SNPs.
5.4 Results
5.4.1 Gill raker length
We found two significant QTLs influencing gill raker length (Table 5.1; an ad-
ditional suggestive QTL is described in Table S4 (Supplementary material);
genome–wide LOD profiles for all traits are presented as Fig. S11 (Supple-
mentary material)). Both showed a modest effect size. The SNP associated
with the QTL exhibiting the greater effect size (located on chromosome 6)
produced a phenotypic shift in the predicted direction (longer gill rakers as-
sociated with the ROM lake allele), while the other one did not. Only the
chromosome 6 marker could be analyzed for allele frequency shifts in the
natural populations, revealing almost complete fixation of the expected SNP
allele within the ROM and CHE sample (permutation P = 0.0001). This fre-
quency shift (FST = 0.77, lower and upper 95% confidence limits: 0.65, 0.92)
was much stronger than expected from the populations’ baseline divergence.
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Figure 5.2: Distribution of size–adjusted snout length in male (dark gray, pointing
upward) and female (light gray, pointing downward) stickleback from the F2 panel.
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Table 5.1: Characterization of the QTLs for skeletal divergence between lake and
stream stickleback.
Trait Marker Chr. Position (bp) LOD P PVE HSE Dir. Cand. gene
GRL chrVI-12733534 6 13’735’445 4.52 0.027 6.5 0.19(0.73) L*
chrIV-570692 4 570’692 4.60 0.019 4.3 0.08(0.33) S BAPX1(15)
SL chrXIX-19432535 19 69’077(contig1’730) 45.1 0.001 42.9 0.38(1.87) M
HL chrXIX-19432535 19 69’077(contig1’730) 5.70 0.002 7.7 0.33(0.58) M
chrUn-11709633 5 464’792 5.57 0.004 6.9 0.45(0.72) S*
chrXV-11777081 15 11’777’081 5.01 0.015 4.4 0.38(0.58) S*
chrXIV-6849438 14 6’849’438 4.55 0.031 3.2 0.24(0.37) S*
VNo chrXXI-2306628 21 4’955’041 7.82 0.001 9.2 0.43(0.85) L* COL11A1(6)
chrXVII-1670571 17 1’670’571 7.64 0.001 6.4 0.44(0.78) L* ASPN,OGN(11)
PM chrIV-12797213 4 12’797’213 155 0.001 76.0 - L* EDA(15)
P11H chrXI-10140558 11 10’140’558 9.69 0.001 12.7 0.79(1.04) S AXIN2(36)
chrXI-6239999 11 6’239’999 8.94 0.001 12.0 0.71(0.97) S PHOSPHO1(36)
chrIV-4185607 4 4’185’607 4.54 0.041 5.5 0.47(0.6) L
P13H chrIV-6474941 4 6’474’941 8.20 0.001 11.8 0.58(1.07) L
chrXI-10140558 11 10’140’558 5.96 0.002 9.4 0.6(0.8) S AXIN2(36)
chrXI-6239999 11 6’239’999 5.79 0.002 8.4 0.47(0.69) S PHOSPHO1(36)
chrIX-9659641 9 12’543’749 4.99 0.012 7.7 0.53(0.71) L
The first column lists traits with the following abbreviations: Gill raker length = GRL; Snout lenght = SL; Head length
= HL; Vertebral number = VNo; Plate morph = PM; Plate 11 height = P11H; Plate 13 height = P13H. The marker
names specify genomic locations (chromosome and base pairs) according to the Broad S1 genome assembly, whereas the
chromosome numbers (Chr.) and positions given in separate columns refer to the improved assembly (Chapter 1). The
position of the marker on chromosome 19 (sex chromosome) is unclear (it proved linked relatively loosely to the other
markers within the nonrecombining domain of this chromosome), hence we provide the position within its contig. Effect
sizes are expressed as percent variance explained (PVE), and as homozygous substitution effect (HSE; in measurement
unit, and standardized in parentheses). HSE is not given for plate morph, as this trait has an ordinal scale, and effect sizes
for the two plate height QTLs on chromosome 11 are probably inflated because of linkage. The QTLs are ordered by PVE
within each trait. The Direction column (Dir.) indicates whether ROM lake (L), CHE stream (S), or male (Y–linked;
M) alleles cause higher trait values, and asterisks indicate allelic effects in the direction expected from the divergence
between the natural populations (note that this could not be determined for the plate height QTL). The last column
lists candidate genes (Cand. gene) found in the marker intervals around the QTL SNPs, with the numbers in parentheses
indicating the total number of genes in each interval (including predicted genes). This table reports only QTLs reaching
P < 0.05; additional suggestive loci are presented in Table S4 (Supplementary material).
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Figure 5.3: Vertebral number in ROM lake and CHE stream stickleback. The left panel
shows vertebral count histograms based on a sample (N = 14) from the lake population
(dark gray, pointing upward) and the stream population (light gray, pointing downward).
The right panel displays the distribution of vertebral number in individuals from the F2
cross concurrently homozygous for either the lake alleles (dark gray; N = 14) or the stream
alleles (light gray; N = 13) at the two QTLs identified on chromosomes 17 and 21.
5.4.2 Head morphology
The analysis of snout length detected a single large–effect QTL only (43
PVE; Table 5.1, Fig. S11 (Supplementary material)). This QTL mapped
to the domain on the sex chromosome (19) where the X and Y gametologs
do not recombine (Chapter 4). Males of the F2 population further displayed
strikingly longer snouts than females (Fig. 5.2). Together, these observations
indicated very strong sex–linked control of snout length. Indeed, mapping sex
as a binary trait produced a single significant QTL (LOD = 380) coinciding
exactly with the snout length QTL, whereas mapping snout length separately
within each sex produced no QTL (details not presented).
Some sex–linked control was observed for overall head length as well, as
the snout length QTL was also the strongest QTL affecting head length (Ta-
bles 5.1, S4, Fig. S11 (Supplementary material); recall that head length was
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Figure 5.4: (A) LOD profile for the segment on chromosome 4 containing the detected
QTL for lateral plate morph. The gray vertical lines indicate, from left to right, the
position of EDA and the two candidate genes PDLIM7 and ANXA6. The two LOD peaks
(>150) are separated by two markers. (B) Distribution of the total number of lateral
plates posterior to the pelvic girdle in F2 individuals heterozygous at the EDA marker.
mapped with snout length as covariate, so this finding is not a methodolog-
ical artifact). Three additional minor head length QTLs were detected on
the autosomes, all of them (and also the suggestive locus) exhibiting an ef-
fect in the direction predicted from previous phenotypic work (a larger head
associated with the CHE stream alleles). Allele frequencies in the natural
populations could be inspected for the marker linked to the QTL on chro-
mosome 15 only, which again revealed a shift in the predicted direction (P
= 0.0001; FST = 0.51, CLs: 0.35, 0.68) and exceeding the baseline level.
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5.4.3 Vertebral number
Most stickleback from the ROM lake sample displayed 32 vertebrae, as op-
posed to 31 vertebrae predominating in CHE stream fish (P = 0.0085; Fig.
5.3). In the cross, vertebral number mapped to two QTLs, with their effects
being in the expected direction (ROM lake alleles associated with greater
vertebral number; the same is true for the suggestive loci; Tables 5.1, S4,
Fig. S11 (Supplementary material)). Despite moderate effect sizes of the
two QTLs when estimated separately (9.2 and 6.4 PVE), their joint effect
was striking: individuals homozygous for the ROM lake or CHE stream alle-
les at both QTL–linked SNPs simultaneously exhibited almost consistently
32 versus 31 vertebrae (Fig. 5.3). Comparing a subset of F2 individuals
with 31 and 32 vertebrae (N = 30 each) showed unambiguously that the
variation was in the number of caudal as opposed to abdominal vertebrae
(details not presented). Moreover, testing for a difference in mean body size
between individuals with 31 versus 32 vertebrae (together accounting for 97%
of all F2 individuals) revealed clearly that vertebral number and body size
were unrelated (P = 0.36, standardized mean difference in size between the
two groups: 0.06; visualized in Fig. S12 (Supplementary material)). Allele
frequency shifts could be examined for the marker linked to the QTL on
chromosome 21 only, revealing divergence in the expected direction (P =
0.0001; FST = 0.41, CLs: 0.15, 0.71), but not stronger than expected from
the baseline.
5.4.4 Lateral plating
Mapping lateral plate morph detected a locus of large effect (76 PVE) on
chromosome 4, located precisely in the EDA region (LOD = 155.4 for the SNP
3 kb from the start position of EDA, and LOD = 155.2 for the SNP within
EDA; Table 5.1, Fig. 5.4A). An almost equally strong marker–phenotype
association (LOD = 154.6), however, occurred at 13.35 Mb. Inspecting the
genotype frequencies at the two SNPs separating these high–LOD regions
indicated that the drop in the strength of marker–phenotype association was
not due to low genotyping quality (details not presented). At the EDA SNP,
the natural populations were relatively close to fixation for the expected
alternative alleles (P = 0.0001; FST = 0.60, CLs: 0.42–0.79), a shift clearly
exceeding the baseline divergence level. No additional plate morph QTL was
found (Fig. S11 (Supplementary material)).
Lateral plate number was variable among the F2 individuals heterozygous
at EDA, but never lower than 29 (Fig. 5.4B). Hence, EDA heterozygotes in
our cross always classified as either partially or fully plated. We found no
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significant QTL for plate number when only considering EDA heterozygotes
(Fig. S11 (Supplementary material); a single suggestive QTL is described in
Table S4 (Supplementary material)). The height of lateral plate 11 mapped
to two QTLs (Tables 5.1, S4, Fig. S11 (Supplementary material)). The locus
on chromosome 11 displayed a substantial effect size (12.7 PVE), with the
ROM lake allele associated with shorter plates. However, this effect size was
probably slightly inflated, as inspecting the LOD profile along chromosome 11
revealed the presence of an additional, nearly equally strong QTL 4 Mb (9.4
cM) away (LOD = 8.94; this second QTL is included in Table 5.1). Lacking
information on plate height divergence between the natural populations, we
did not investigate population–level shifts in allele frequencies.
The genetic architecture of lateral plate 13 height overlapped partly with
that of plate 11 (Table 5.1, Fig. S11 (Supplementary material)), which is
not surprising, given the relatively strong phenotypic correlation of the two
plate height traits within the F2 population (r = 0.84). Specifically, we de-
tected exactly the same two QTLs located on chromosome 11. However, the
strongest effect (11.8 PVE) was now seen in a QTL on chromosome 4. This
locus was 2.3 Mb away from the QTL on the same chromosome driving plate
11 height (Fig. S11 (Supplementary material)), and thus perhaps represents
a distinct locus, although this cannot be determined with confidence. In
addition, plate 13 height was influenced by a QTL on chromosome 9.
5.5 Discussion
We have used an F2 intercross to investigate the genetic architecture of diver-
gence in skeletal traits between lake and stream stickleback. A first suite of
traits considered included gill raker, snout, and head length, traits believed
to mediate trophic specialization. In particular, gill raker length displays
a highly predictable association with prey use in stickleback and other fish
species. To our knowledge, variation in gill raker length has not previously
been mapped in any species, but common garden experiments in stickleback
indicated a heritable basis to the phenotypic divergence between benthic and
pelagic populations (McPhail 1984; Day et al. 1994; Wund et al. 2008). In
line with these quantitative genetic observations, our study discovered QTLs
for gill raker length. Despite a mutation screen in zebrafish, implicating the
Ectodysplasin (EDA) signaling pathway in gill raker formation (Harris et al.
2008), the detected QTLs showed no obvious relationship to that pathway.
However, screening the marker interval around the QTL on chromosome 4
suggested BAPX1 as a strong candidate gene, given that BAPX1 is crucial
to the formation of the first branchial arch in zebrafish (Miller et al. 2003).
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We also found several autosomal QTLs explaining variation in head length.
The effect sizes were consistently in the direction expected from the pheno-
typic divergence between the source populations (Berner et al. 2010a) and
other benthic–pelagic stickleback systems (Caldecutt and Adams 1998; Al-
bert et al. 2008). Nevertheless, in accordance with greater male than female
overall head length found in many stickleback studies (Caldecutt and Adams
1998; Kitano et al. 2007; Albert et al. 2008; Aguirre and Akinpelu 2010;
Berner et al. 2010a, 2011; Ravinet et al. 2013), the strongest head length
QTL was sex–linked and also turned out to be the only (large–effect) lo-
cus driving snout length. Hence, while contrasting foraging habitats likely
drive the evolution of stickleback head morphology among populations, the
footprint of sex–specific selection is much stronger.
5.5.1 Vertebral number
The source populations of the cross showed clear divergence in the number
of vertebrae, with a higher average count in lake than stream fish. This
trend has also been found in other studies comparing lake and stream stick-
leback (Hagen and Gilbertson 1972; Reimchen et al. 1985) and thus likely
represents an adaptive response to divergent selection on locomotion (Swain
1992). Although further functional evidence is needed, our finding that verte-
bral number is genetically unrelated to body size (as also found in a different
stickleback system; Alho et al. 2011) indicates that population divergence in
the number of vertebrae is unlikely to reflect a correlated response to selec-
tion on size (note that the ROM lake and CHE stream populations differ in
size; Chapter 1).
In our cross, vertebral number mapped to two QTLs. These loci explained
a moderate proportion of the total phenotypic variance when considered in
isolation, but in combination had a high explanatory power: their joint ho-
mozygous substitution accounted for an approximate shift of one vertebra,
roughly the magnitude of divergence between the natural populations. To
our knowledge, vertebral number has previously been mapped only in two fish
species (medaka and trout) and in pigs. The former studies detected QTLs
but were performed with a marker resolution too low to allow candidate gene
identification (Nichols et al. 2004; Kimura et al. 2012). QTLs also emerged in
pigs, where fine mapping produced strong candidate genes (NR6A1, VRTN,
PROX2, FOS ; Mikawa et al. 2007, 2011; Ren et al. 2012). The stickleback
homologues of these genes, however, are not located on the chromosomes
17 and 21 where we found QTLs for vertebral number. Instead, screening
the target marker interval on chromosome 17 identified OGN (Madisen et
al. 1990) and ASPN as candidate genes. Both genes are involved in bone
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formation. In particular, ASPN regulates osteoblast collagen mineralization
in vitro (Kalamajski et al. 2009) and is implicated in human degenerative
diseases of skeletal joint regions, including intervertebral disks (Kizawa et al.
2005; Song et al. 2008). Also, a strong candidate gene (COL11A1 ) emerged
in the focal chromosome 21 segment. Mutations in COL11A1 cause skeletal
disorders, including the malformation of vertebrae (Li et al. 1995; Tompson
et al. 2010; Koyama et al. 2012).
5.5.2 Lateral plating
At first glance, our mapping of lateral plate morph produced an expected
result: the LOD maximum mapped to the EDA gene, and the correspond-
ing SNP explained 76% of the total variance, a value very similar to that
reported in Colosimo et al. (2004) for the plate morph QTL on chromosome
4 (77.6 PVE). Interestingly, however, a nearly equally strong LOD score
emerged at 13.35 Mb (roughly 0.5 Mb from EDA), a region identified as
high differentiation outlier in a divergence mapping study using fully plated
marine and low–plated freshwater stickleback from Alaska (Hohenlohe et al.
2010). Our marker interval in that region contains two strong candidate
genes, PDLIM7 and ANXA6 (see also Hohenlohe et al. 2010). PDLIM7
has been shown to initiate bone formation de novo, and also to interact with
bone morphogenetic protein (BMP) signaling (Boden et al. 1998; Liu et
al. 2002). Similarly, ANXA6 plays a critical role during the calcification
of skeletal tissue (Kirsch et al. 2000; Wang and Kirsch 2002; Thouverey et
al. 2009). It is thus possible that the strong effect seen at the EDA marker
in our cross captures variation in lateral plating driven by polymorphism in
one or more additional genes in its close neighborhood. Unfortunately, the
paucity of crossovers between the SNPs at these QTLs in our cross precludes
disentangling their relative effect sizes.
Outside chromosome 4, we found no QTL substantially influencing plate
morph or number. This is surprising, given that such QTLs were discovered
previously on chromosomes 7, 10, and 21 (Colosimo et al. 2004; but see
Baird et al. 2008). This difference in genetic architecture likely explains
why EDA heterozygotes in our cross were never low–plated, although low–
plated heterozygotes occurred in the mapping panel studied by Colosimo et
al. (2004). As a complementary route to the adaptive reduction in lateral
plating, stickleback might evolve shallower plates (Leinonen et al. 2012).
Mapping the height of the plates 11 and 13 posterior to the pelvic girdle,
we found QTLs on chromosomes 4, 9, and 11. These results differ from the
previous report of plate height QTLs on the chromosomes 4 (at around 2
Mb, hence in a different region than in our cross), 7, and 20 (Colosimo et
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al. 2004). However, that study measured plates immediately adjacent to the
pelvic girdle. Combined with our observation that the relative influence of
the QTLs on chromosomes 4 and 11 on the height of the plates 11 and 13 was
inverted, and that the QTL on chromosome 9 (and the additional suggestive
QTLs) influenced one of the plates only, we conclude that plate height has a
fairly complex genetic architecture, with several loci acting relatively locally.
Examining the plate height QTL regions produced strong candidate genes.
Notably, the marker interval around the highest LOD peak observed (chro-
mosome 11) included AXIN2. Loss of function mutations in AXIN2 lead
to ectodermal dysplasia in humans (Lammi et al. 2004; Mostowska et al.
2006; Callahan et al. 2009; Bergendal et al. 2011) – the same disorder also
observed for disruptions of the EDA pathway (Kere et al. 1996; Bayes et al.
1998; Monreal et al. 1999; Headon et al. 2001; Chassaing et al. 2006). The
SNP interval around 6.2 Mb on the same chromosome, in turn, proved close
to PHOSPHO1, a gene involved in skeletal tissue mineralization (Houston
et al. 1999, 2004; Roberts et al. 2007). Candidate genes involved in bone
formation also emerged at the suggestive plate height QTLs on chromosomes
5 (PLEKHM1 ; Van Wesenbeeck et al. 2007) and 17 (ALPL; Weiss et al.
1988; Henthorn et al. 1992; Table S4 (Supplementary material)).
5.5.3 QTL effect size
Mapping lateral plate morph and snout length identified QTLs of very large
effect (acknowledging that the effect size of the plate morph QTL is possibly
confounded by the presence of multiple tightly linked loci, see above). The
majority of our detected QTLs, however, had a relatively minor effect, a
typical result in QTL mapping studies (Mackay et al. 2009). Moreover, for
some traits (e.g., gill raker length, head length), inspecting the genome–wide
LOD profile (Fig. S11 (Supplementary material)) suggested the presence of
additional loci with even smaller effect that were missed in our experiment
due to insufficient power – a well–known issue in QTL mapping (Lande and
Thompson 1990; Beavis 1994; Xu 2003; Rockman 2011). To explore this issue
further, we compiled the effect sizes of all the QTLs (including marginally
significant ones) detected in our study across all traits. This revealed that
despite relatively large F2 sample size, we lacked the power to identify QTLs
with an effect size below 3–4 PVE (Fig. 5.5). (We are aware of the additional
complication that the effect sizes of our detected minor QTLs are likely to
be biased upward; Beavis 1994; Göring et al. 2001; Xu 2003.) We thus argue
that although QTL mapping provides interesting insights into the genetic
architecture of phenotypic divergence among stickleback populations, our
understanding of adaptive variation in many traits will continue to benefit
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from quantitative genetic investigation.
5.5.4 Allele frequency shifts in the source populations
The availability of marker data from the natural populations underlying our
cross made it possible to assess if associations between trait values and QTL–
linked SNP alleles were replicated at the population level. Such an association
is expected under two conditions. First, SNP alleles must tag QTL alleles
reliably at the population level (as opposed to merely in the grandparents
used for the cross). Second, allele frequency shifts at the focal QTL need to
make some contribution to the trait divergence between the natural popula-
tions. Moreover, a shift at an SNP tightly linked to a QTL is expected to
exceed the level of baseline population divergence attributable to drift if the
QTL has been influenced by divergent selection between the populations.
All these conditions are indeed met by the EDA locus: phylogenetic anal-
ysis revealed that alleles at SNPs within EDA are tightly linked to their cor-
responding causative variants (which remain unknown) in the two study pop-
ulations, and that adaptive population divergence in plate morph frequency
is paralleled by frequency shifts at these SNPs (Berner et al. 2010a; see also
Colosimo et al. 2005). We thus predicted very strong population–level shifts
at our EDA maker, which were indeed observed. Similar analyses could be
performed only in a small subset of the other QTL–linked SNPs, because
some relevant markers were missing at the population level due to a different
sequencing protocol, and because plate height could not be quantified in the
(low–plated) stream population. Nevertheless, all three additional SNPs that
were examined (associated with gill raker length, head length, and vertebral
number) showed clear enrichment for the expected allele within each source
population. Moreover, in three of the four total cases (including EDA), the
observed allele frequency shifts were stronger than baseline divergence. We
thus conclude that the phenotypic divergence between our study populations
is probably attributable at least partly to allele frequency shifts at the QTL
discovered in the cross, and that some of these shifts have been driven by
divergent selection.
5.5.5 Conclusions
We subjected skeletal traits in European lake and stream stickleback to QTL
mapping. Although this revealed a few large–effect QTLs, the majority of
the loci detected across all traits exhibited a modest to small effect size. At
least for some traits, QTL mapping seems to permit a relatively incomplete
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characterization of genetic architecture. Nevertheless, the close neighbor-
hood around the QTLs that were discovered often contained genes involved
in bone formation, which thus emerge as strong candidate drivers of skeletal
evolution. Manipulative functional experiments are now needed to confirm
the causative role of these genes, and comparisons across numerous pheno-
typically well–characterized stickleback populations should investigate how
consistently these genes are involved in diversification. Excitingly, a region
containing two novel candidate genes for lateral plate morph evolution in our
study coincided with an outlier region identified in a divergence scan using
geographically independent stickleback populations divergent in lateral plat-
ing (Hohenlohe et al. 2010). This illustrates how understanding adaptation
can benefit from the combination of phenotype–based and purely molecular
genome scans. Finally, we attempted to move beyond mere QTL identifica-
tion within a cross by screening for QTL–linked SNP allele frequency shifts in
the natural source populations. These analyses indicated that at least some
of our identified QTLs may indeed contribute to population divergence, and
suggested that allele frequency shifts have been driven by divergent selection.
A deeper understanding of the nature of this selection, however, will require
extensive ecological investigation.
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6.1 Abstract
Populations occurring in similar habitats and displaying similar phenotypes
are increasingly used to explore parallel evolution at the molecular level.
This generally ignores the possibility that parallel evolution can be mim-
icked by the fragmentation of an ancestral population followed by genetic
exchange with ecologically different populations. Here we demonstrate such
an ecological vicariance scenario in multiple stream populations of threespine
stickleback fish divergent from a single adjacent lake population. On the basis
of demographic and population genomic analyses, we infer the initial spread
of a stream–adapted ancestor followed by the emergence of a lake–adapted
population, that selective sweeps have occurred mainly in the lake popula-
tion, that adaptive lake–stream divergence is maintained in the face of gene
flow from the lake into the streams, and that this divergence involves major
inversion polymorphisms also important to marine–freshwater stickleback di-
vergence. Overall, our study highlights the need for a robust understanding
of the demographic and selective history in evolutionary investigations.
6.2 Introduction
Parallel (or convergent (Arendt and Reznick 2008)) phenotypic evolution –
that is, the repeated independent emergence of a specific phenotype asso-
ciated with a specific habitat, can provide important insights into the de-
terminism of natural selection. The reason is that similar phenotypes are
unlikely to evolve repeatedly in association with an environment by chance.
An aspect of parallel evolution now made amenable to investigation through
advances in molecular techniques is to what extent the repeated evolution
of similar phenotypes involves the same genetic loci (Arendt and Reznick
2008; Conte et al. 2012; Martin and Orgogozo 2013). A common analytical
framework adopted to address this question is to compare multiple popula-
tion pairs, each believed to represent an independent replicate of adaptive
population divergence between two ecologically different habitats. The evo-
lutionary independence of these population pairs is generally established by
demonstrating that the genetic relatedness between the populations within
pairs, as inferred from markers little influenced by selection (for simplicity
hereafter called ‘neutral markers’), exceeds that seen among the pairs. If
so, the population pairs are assumed to represent replicates of independent
ecological divergence and are screened for genomic loci exhibiting signatures
of divergent selection between the habitats (for example, high divergence
relative to some genome–wide baseline). Finally, the resulting lists of such
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loci are compared to draw conclusions about the extent of parallel evolution
at the genomic level (for example, Tennessen and Akey 2011; Roesti et al.
2012a; Gagnaire et al. 2013; Foll et al. 2014; Soria–Carrasco et al. 2014 and
Westram et al. 2014; for closely related inferential approaches see Hohenlohe
et al. 2012, Jones et al. 2012 and Roesti et al. 2014).
A possibility rarely considered in such investigations is that the demo-
graphic and selective history of the study populations may complicate or
preclude inferences about parallel evolution. Such a situation occurs when
multiple patches of two ecologically different habitats are initially colonized
by a single ancestor already adapted to one habitat type. Subsequently, local
adaptation in the alternative habitat drives ecologically based reproductive
isolation between the habitats, although some genetic exchange across habi-
tat boundaries will continue in the absence of absolute geographic barriers.
The outcome of such ‘ecological vicariance’ (Hardy and Linder 2005) with
genetic exchange will mimic parallel evolution (Bierne et al. 2013). The
reason is that gene flow between ecologically different populations in contact
will cause genetic differentiation at neutral markers to be lower within than
among population pairs – the pattern also expected under parallel divergence.
Moreover, under both scenarios, loci under divergent selection will be rela-
tively protected from exchange between the populations in contact and can
therefore maintain stronger differentiation between the habitats than neutral
loci (Barton and Bengtsson 1986; Bierne 2010; Feder and Nosil 2010; Roesti
et al. 2014). In situations involving ecological vicariance with gene flow,
comparing multiple population pairs can permit the reliable identification of
selected loci and thus confirm divergent selection, but inference about the
genetic basis of independent parallel evolution will be inappropriate because
divergence did not occur repeatedly.
Distinguishing parallel divergence from ecological vicariance scenarios is
thus crucial when attempting to explore how deterministically selection acts
at the genomic level during evolution. While this distinction is not pos-
sible based on phylogenetic relationships at neutral markers (Endler 1977;
Coyne and Orr 2004), it can be achieved by combining thorough analyses of
molecular signatures around the loci under divergent selection with robust re-
constructions of the populations’ demographic history (Barrett and Schluter
2008; Bierne et al. 2013). We here present such an investigation based on
populations of threespine stickleback fish adapted to lake and stream habitats
within the Lake Constance basin in Central Europe.
This stickleback system comprises a large and genetically well–mixed pop-
ulation residing in Lake Constance – with 571 km2 the third largest lake in
Central Europe – and multiple adjoining stream–resident populations inhab-
iting the lake’s tributaries (Berner et al. 2010a; Lucek 2010; Chapter 1).
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The lake and stream habitats are ecologically different, as mirrored by the
lifestyles of the stickleback populations: lake fish forage pelagically (that is,
in the open water) on zooplankton, whereas the stream populations feed on
benthic (substrate–dwelling) macroinvertebrates. This different resource use
is paralleled by divergence in foraging morphology and life history (Berner
et al. 2010a; Chapter 1 & 2). Lake and stream populations in the Lake Con-
stance basin also differ predictably in their extent of lateral plating (Berner
et al. 2010a; Chapter 1). Just like marine stickleback (Bell and Foster 1994),
pelagic Lake Constance fish exhibit a series of bony plates covering their en-
tire flank, providing protection from vertebrate predators in the open water
(Reimchen 1994b). By contrast, multiple stream populations show a reduc-
tion in the extent of lateral plating, the phenotype predominant in freshwater
stickleback on a global scale.
Although the Lake Constance stickleback system has certainly formed
post–glacially (that is, within the last 12’000 years (Keller and Krayss 2000),
its origin is not resolved. One view is that a human introduction during
the nineteenth century initially led to the establishment of a large lake pop-
ulation, and that subsequently multiple stream populations diverged inde-
pendently from the lake population (Berner et al. 2010a; Chapter 1). This
scenario thus implies parallel divergence. An alternative is a more ancient
natural colonization of the Lake Constance region by an already stream–
adapted ancestral population from the Danube drainage (Chapter 1) (now
draining into the Black Sea, hence disconnected from the Lake Constance
basin), providing the potential for an ecological vicariance scenario.
The first goal of our study is to combine multiple lines of molecular evi-
dence, based on dense genome–wide single–nucleotide polymorphisms (SNPs)
obtained through restriction site–associated (RAD) sequencing (Baird et al.
2008), to resolve the demographic and selective history of lake–stream di-
vergence in the Lake Constance stickleback system. We demonstrate that
adaptive divergence has occurred in the face of gene flow in an unexpected
historical context, pointing to limitations in the standard interpretation of
repeated phenotypic evolution. Based on these insights, we then dissect the
molecular consequences of divergent selection in target regions, including the
prime locus underlying divergence in lateral plating, and finally examine the
role of chromosomal inversions in adaptive divergence.
Next, we compared population–specific allele frequency spectra and found
that across almost all minor allele frequency (MAF) classes, the lake exhib-
ited the lowest and GRA the highest number of polymorphisms, with BOH
and NID being intermediate (Fig. S15 (Supplementary material)). The lake
also displayed the highest proportion of monomorphic SNPs, and the lowest
proportion of tri–allelic SNPs (Table S5 (Supplementary material)). These
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findings clearly demonstrate that genetic diversity is lowest in the lake and in-
creases from BOH to NID to GRA. Moreover, because the divergence among
our study populations is recent (Fig. 6.1b, Fig. S14 (Supplementary mate-
rial)) and the sharing of polymorphisms is extensive (Table S5 (Supplemen-
tary material)), most of the genetic variation in the present populations must
have been standing in their common ancestor.
Calculating genome–wide baseline differentiation (that is, median FST)
for each of the three lake–stream pairings revealed an increase in population
differentiation from 0.005 in the lake–BOH comparison to 0.013 and 0.061 in
the lake–NID and lake–GRA comparisons, whereas no stream–stream popu-
lation comparison yielded baseline FST higher than 0.056 (BOH–GRA; NID–
GRA: 0.047; BOH–NID: 0.012). In a rooted phylogeny, the lake population
emerged as a distal branch nested within the more basal stream fish (Fig.
6.1c, Fig. S16 (Supplementary material)). An unrooted phylogeny further
confirmed the close relatedness of the lake and BOH populations and the
lower genetic diversity in the lake than in the streams (Fig. S17 (Supple-
mentary material)).
6.3 Results and discussion
6.3.1 Demography and population genomic analyses
Our investigation focuses on four stickleback populations, including the pan-
mictic (Fig. S13 (Supplementary material)) Lake Constance population
(hereafter simply ‘lake’) and three stream populations residing in tributaries
(referred to as Bohlingen (BOH), Nideraach (NID) and Grasbeuren (GRA);
see also Berner et al. 2010a and Chapter 1) (Fig. 6.1a), each represented by
22–25 individuals. To reconstruct the demographic history of these popula-
tions, we parameterized a divergence with gene flow model by using coales-
cent simulations based on the populations’ joint allele frequency spectra (Ex-
coffier et al. 2013) derived from 14.8 million nucleotide positions on 166’711
RAD loci across the 460 Mb stickleback genome. This analysis indicated
that the study populations – exhibiting relatively small estimated effective
population sizes (extremely small in the lake, largest in GRA) – split from
an at least 20 times larger ancestral population a few thousand generations
(and years, since the typical life span of stickleback in this system is 1 – 2
years (Chapter 1 & 2)) ago (Fig. 6.1b). Qualitatively similar estimates were
obtained with an alternative model including only two stream populations
(Fig. S14 (Supplementary material)). Also, long–term rates of lake–stream
gene flow differed approximately tenfold, being highest between the lake and
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the BOH population, and lowest between the lake and the GRA population.
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Figure 6.1: Geographic context, demography and phylogeny of the study populations.
(a) Location of the study populations from the Lake Constance basin, including the pan-
mictic lake population and the three tributary stream populations (BOH, NID and GRA;
the same color coding and line types identifying the populations are used throughout the
paper). Numbers in parentheses indicate the water distance between each stream site
and the lake. (b) Estimated age of the split of the study populations from their com-
mon ancestor (divergence time), effective population sizes (numbers within boxes), and
bi–directional migration rates between the lake and each stream population (numbers in
horizontal arrows, representing the long–term proportion of immigration into the target
population from the source population per generation forward in time). The values are
based on an estimated SNP mutation rate of 6.8 × 10−1. Numbers in parentheses are 95%
bootstrap confidence intervals. (c) Phylogenetic relationship among the study popula-
tions visualized by a maximum likelihood tree rooted using a North American stickleback
(BEPA, Bear Paw Lake, Alaska) as outgroup. Bootstrap support in per cent is given for
the key nodes.
Finally, we quantified linkage disequilibrium (LD) between all pairwise
combinations of SNPs within all chromosomes in each population and found
that strong allelic associations between SNPs occurred only over a scale of 1
kb or less; beyond this distance, LD was much weaker (Fig. 6.2a). The peak
in LD at the smallest physical scale was driven by those SNPs exhibiting
a high MAF; low–MAF SNPs exhibited more homogeneous and generally
weaker LD at all distances (Fig. 6.2a, insert). Another striking result was
that the extent of LD across the genome was substantially greater in the lake
population (and the two stream populations little divergent from the lake,
that is, BOH and NID) than in GRA. A similar result was obtained by ex-
ploring average LD among marker pairs within non–overlapping chromosome
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Figure 6.2: Linkage disequilibrium across the stickleback genome. (a) Magnitude of LD
(squared correlation of allele frequencies) between SNP pairs in relation to their distance
on a chromosome, shown for the lake (dotted black line), BOH (solid light grey line),
NID (solid dark grey line) and GRA (solid black line) population. The main panel uses
a minimal MAF threshold of 0.05. The insert panels display LD separately for low–
MAF (0.05–0.275) and high–MAF (0.275–0.5) SNPs in the lake and GRA population. (b)
Difference in LD between the lake and GRA population along the genome. The data points
represent the average LD in the lake minus the average LD in GRA across non–overlapping
200 kb chromosome windows, yielding a measure called Delta R2.
windows: across most of the genome, LD was much stronger in the lake than
in GRA (Fig. 6.2b), a result insensitive to the MAF threshold (Fig. S18
(Supplementary material)). Finally, the similarity in the local magnitude of
linkage across the genome between the lake and each stream population, ex-
pressed as the correlation of LD between the chromosome windows, declined
from the lake–BOH (r = 0.17) to the lake–NID (r = 0.15) and the lake–GRA
pairing (r = 0.12) (all P < 0.001).
In combination, the above analyses resolve the demographic and selective
history of stickleback in the Lake Constance basin. First, the demography
is inconsistent with the view that the populations originate from a recent
introduction of (presumably few) founder individuals, and instead supports
an earlier postglacial and extensive natural colonization, presumably via the
Danube drainage (Chapter 1). Second, the demographic estimates of ef-
fective population size and all metrics of genetic variation make clear that
the stream populations – and not the lake – represent the main reservoirs
of genetic variation. This result is unexpected because Lake Constance is
very large, and even conservative estimates of the present census size of its
stickleback population range in the millions (personal communications from
fishermen and fisheries authorities), which is certainly much greater than
the size of any single stream population. (The streams investigated here are
small, with an approximate average depth and width of 0.5 and 4 meters)
Third, we observe the strongest genome–wide differentiation (FST) between
a stream and the adjoining lake population, and not in any of the compar-
isons between the stream populations separated by dozens of kilometers of
lake habitat. Fourth, the lake population proves to be phylogenetically de-
rived from stream fish. All these observations can be brought in line by
the biogeographically plausible perspective that the Lake Constance basin
was initially colonized by ancestral stream–adapted stickleback. This colo-
nization gave rise to multiple stream–resident populations isolated from each
other by the adjoining, ecologically different lake habitat – that is, an ecolog-
ical vicariance scenario. Subsequently, the lake fish started to adapt to their
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Ecological vicariance
Variable retention of ancestral stateVariable progress in parallel divergence
Parallel divergence
a
b
c
d
e
f
Figure 6.3: Alternative demographic scenarios explaining repeated population diver-
gence. The alternatives are exemplified by multiple stream populations divergent from the
adjacent lake population in the Lake Constance basin. In the ‘parallel divergence’ scenario
(panels a–c), a (stream–adapted) ancestor enters the lake (a) and becomes locally adapted
(b). Subsequently, multiple stream populations derive independently via parallel evolution
from the lake population (c), the latter thus representing their most recent common ances-
tor. The magnitude of lake–stream divergence in (c) (visualized as different grey shades) is
determined by a combination of the time since colonization of each stream, the strength of
local selection within each stream, and the extent of homogenizing gene flow from the lake
into each stream. In this scenario, genetic variation available to local adaptation in the
streams has been filtered during the adaptation of the lake population. Predictions here
include greater genetic diversity in the lake than the stream populations, that FST is high-
est in stream–stream as opposed to lake–stream comparisons (due to founder events and
relatively strong drift in these small populations), and that LD is highest in the streams
(due to selective sweeps during adaptive divergence from the lake). In contrast, the ‘eco-
logical vicariance’ scenario (panels d–f) involves the colonization of the entire study region
by an already stream–adapted ancestor (d), followed by local adaptation in the lake (e).
The magnitude of lake–stream divergence is then primarily determined by the extent to
which the stream populations can maintain their genetic integrity in the face of gene flow
from the large lake population (f). Predictions here include greater genetic diversity in
the streams than in the lake, highest FST in lake–stream as opposed to stream–stream
comparisons, and strongest LD in the lake due to extensive selection. All these latter
predictions are confirmed by our analyses.
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Figure 6.4: Localized signatures of selection. (a) Allele frequencies within each popula-
tion at the 25 FST extremes (columns). The proportion of the SNP alleles predominant in
the lake are shown in white, while the proportion of the alleles predominant in the streams
are either black (when the extreme FST value emerged from the lake–GRA genome scan,
N = 23) or dark grey (extreme FST value observed in the lake–NID scan, N = 2). On
the bottom, the genomic position and the highest FST value observed across all lake–
stream comparisons are given for each FST extreme. (b) Lake and stream haplotype decay
(EHHS) around representative FST extremes (flagged by asterisks in a) identified in the
lake–NID FST scan (left panel) and in the lake–GRA scan (right panel). (c) Haplotype
decay in the lake and the NID stream population around a representative negative Rsb
extreme identified in the lake–NID Rsb scan (left panel). For the same Rsb extreme, the
right panel displays allele–specific haplotype decay (EHH) around each allele within each
population separately (both alleles occur in both populations; the allele predominant in
the lake is labelled ‘Lake allele’). (d) Lake and stream haplotype decay around two rep-
resentative positive Rsb extremes identified in the lake–BOH Rsb scan (left panel) and in
the lake–GRA scan (right panel). Note that the scale of the x axis varies in b–d.
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Figure 6.5: Lake–stream divergence in lateral plating and the associated molecular
signatures. (a) Frequency of the three plate phenotypes (completely, partially and low–
plated) in the four study populations. (b) Genetic differentiation (FST) between completely
and low–plated stream stickleback reveals a peak on chromosome IV, with the highest FST
value immediately downstream of the Eda coding region (grey vertical bar). (c) Divergence
(FST) profiles around the plate locus for all lake–stream comparisons, with the horizontal
grey lines indicating baseline differentiation (note that the scale of the y axes varies).
(d) Haplotype decay (EHHS) in completely and low–plated stream stickleback around
the Eda–associated SNP exhibiting the strongest phenotype–genotype association in the
bulk segregant analysis (see b, bottom) (upper panel). The lower panel shows haplotype
decay around the completely plated allele at the same SNP in the lake population. (e)
Profile of the difference in the rate of haplotype decay between completely and low–plated
stream stickleback along chromosome IV. High positive values of this ‘Delta iHS’ metric,
indicating more extensive haplotype tracts in completely plated individuals, occur across
a broad region centred at the Eda locus, and in a second genomic region nearby (indicated
by an asterisk; note the corresponding FST peak in the upper panel of b).
novel habitat and thereby experienced strong genome–wide selection. This
selection should not only have reduced genetic variation in the lake relative
to the streams, but also have driven relatively elevated LD within the lake,
predictions clearly borne out by our analyses.
A key implication of this ecological vicariance scenario (visualized in Fig.
6.3d–f) is that the stream populations cannot be considered independent
products of parallel divergence from an ancestral lake population. The stream
fish are closer to the ancestral state while the lake population is the most
derived. (Note that the phylogeny in Fig. 6.1c also rules out the possibility
that the lake population results from a secondary colonization; in this case,
the lake fish would branch basally from the stream populations.) Variation in
the magnitude of genetic and phenotypic lake–stream divergence thus reflects
different levels of homogenizing gene flow (that is, introgressive hybridization)
from the large lake to the stream populations rather than variable progress
in repeated parallel divergence (Fig. 6.3a–c). Supporting this view, typical
lake phenotypes can sometimes be found at our BOH stream sample site
during the breeding season (personal communication from fishermen). This
highlights the potential for extensive genetic exchange in the one lake–stream
pairing also exhibiting the highest migration rate estimates and the lowest
genetic differentiation.
The strong genome–wide footprint of selection in the lake population, ob-
served as relatively reduced genetic diversity and elevated LD, also raises an
important methodological caveat. Marker–based approaches to demographic
inference generally assume that allele frequencies reflect selectively neutral
processes (Becquet and Przeworski 2009; Excoffier et al. 2013; Cornuet et
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Figure 6.6: Detecting and characterizing large chromosomal inversions in lake and
stream stickleback. (a) RAD sequence coverage of the stream populations relative to the
lake population (coverage ratio), shown separately for each lake–stream population pair
(lake–BOH light grey, lake–NID dark grey and lake–GRA black) along focal segments of
the chromosomes I, XI and XXI harboring an inversion. The inserts show the coverage
ratio along the entire chromosomes (focal segments shaded grey), based on the coverage
data pooled across the three stream populations. (b) Genetic differentiation between the
lake and each stream population, and (c) allelic diversity at SNPs within each of the four
populations, around the three inversions. (d) MAF distribution for SNPs located within
each inversion, shown for the stream population exhibiting the strongest coverage ratio
distortion relative to the lake (see a) (thick solid line). For comparison, the genome–
wide MAF distribution for the same stream population (thin solid line), and the MAF
distribution for all inversion SNPs in the lake population (dotted line) are also plotted.
(e) Linkage disequilibrium heat maps based on SNPs from distinct MAF classes shown
for the same stream populations as in d. (f) Recombination between the ChrI inversion
types (the inverted segment is shaded grey) in a laboratory cross. Black horizontal bars
indicate the number of crossovers observed between two neighboring markers (vertical
bars on the bottom), and the grey profile shows the corresponding recombination rate. (g)
Genetic differentiation (raw values and smoothed profile) between individual pools of ChrI
inversion homozygotes. The bottom part indicates the position of SNPs shared between
the two inversion types, and of those unique to each.
al. 2014). In our study, the reduction of genetic variation by widespread
selection in the lake clearly dissociates marker–based estimates of effective
population size from biologically plausible census population sizes; the lake
population, and to a lesser extent also the two stream populations strongly
influenced by gene flow from the lake (BOH and NID), certainly have their
estimated effective population sizes biased downward relative to the GRA
stream population. This highlights the benefit of backing up genetic infer-
ences of demography with analyses of the selective history and with qualita-
tive information from the field.
6.3.2 Genomically localized characterization of selection
The above genome–wide analyses indicated that the lake population has been
particularly strongly influenced by widespread selective sweeps. To confirm
this asymmetry in selection at a finer scale, we inspected localized signa-
tures of selection at two classes of loci within the genome. The first, called
FST extremes, included the 25 independent SNPs displaying the strongest
lake–stream differentiation across all three lake–stream FST scans combined
(79’770 total SNPs). None of these extreme SNPs showed fixed allelic dif-
ferences between the habitats, but nearly so: FST ranged from 0.94 to 0.75
– remarkably high values given the low baseline differentiation (Fig. 6.4a;
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Figure 6.7: Phylogenies and habitat associations of the inversions. (a) Haplotype
phylogenies restricted to SNPs located within the inversions, based on individuals from
the Lake Constance basin. Pie sizes reflect the relative frequency of each haplotype, and
internodes are mutational steps. Only haplotypes recovered more than twice are shown
(total haplotype numbers are given above the networks). (b) Haplotype networks as in
a, but additionally including individuals from marine and freshwater populations across
the species’ global range (Jones et al. 2012). (c) Frequency of the three diploid genotype
classes at each inversion in the four populations from the Lake Constance basin, and in
the lake–stream pair from the Lake Geneva basin. The color coding follows b.
genome–wide FST profiles visualizing the strikingly heterogeneous genomic
divergence in all three lake–stream comparisons are provided in Fig. S19
(Supplementary material)). The FST extremes were found on 11 different
chromosomes and derived mostly from the lake–GRA comparison that also
produced the greatest baseline differentiation. Inspecting allele frequencies
at the FST extremes showed that the MAF was generally lower in the lake
population (14 out of the 25 SNPs were monomorphic) than in the corre-
sponding stream population (with only four monomorphic SNPs; binomial
test for similar occurrence of monomorphic SNPs: P = 0.007; Fig. 6.4a),
suggesting that selection has mainly occurred, or has been more effective,
in the lake. At the FST extremes, those alleles near fixation in one of the
stream populations were generally also present in the other stream popu-
lations, with the frequency of these stream alleles increasing from BOH to
NID to GRA (Fig. 6.4a). Finally, we found that haplotype decay around
the FST extremes was slower in the lake than in the focal stream population
(binomial P = 0.004; Fig. 6.4b).
The FST extremes represented genomic regions with nearly complete lake–
stream allele frequency divergence, hence reflecting strong selection. To
search for weaker or ongoing selective sweeps, we delimited a second class
of loci based on haplotype structure (Sabeti et al. 2006; Oleksyk et al.
2010). Specifically, we used Rsb (Tang et al. 2007) to compare the rate
of haplotype decay between the lake and the streams at 87’738 SNPs for
each lake–stream comparison. Following the convention that positions with
an absolute Rsb value >4 provide compelling evidence of selection (for ex-
ample Flori et al. 2012), we identified a total of 22 such ‘Rsb extremes’
on 11 chromosomes across all three lake–stream comparisons (lake–stream
Rsb profiles are presented in Fig. S20 (Supplementary material); in contrast
to the FST extremes, Rsb extremes emerged from all lake–stream contrasts,
Fig. 9 (Supplementary material)). Interestingly, examining allele–specific
haplotype structure revealed that within both habitats, the lake alleles were
surrounded by relatively longer haplotype tracts than the alternative stream
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alleles (Fig. 6.4c). This indicates that alleles selected positively in the lake,
but presumably negatively in the streams, are maintained at substantial fre-
quency in the streams by gene flow from the lake population. Finally, our
haplotype–based analysis also revealed signatures of selective sweeps that
have occurred in the stream habitat (Fig. 6.4d, Fig. S21 (Supplementary
material)).
Overall, our analyses of localized signatures of selection provide strong
support for the selective scenario indicated by the genome–wide signatures:
selection is wide–spread across the genome and is asymmetric, with more
extensive sweeps having occurred in the lake than in the stream populations.
Moreover, lake–stream divergence in the Lake Constance basin has clearly
occurred in the face of gene flow. Consistent with the census size (but not the
estimated effective population size) of the Lake Constance population being
orders of magnitude larger than the stream populations, introgression occurs
primarily from the lake into the streams. Nevertheless, many loci resist
gene flow and maintain substantial differentiation from the lake (Barton and
Bengtsson 1986; Bierne 2010; Feder and Nosil 2010; Roesti et al. 2014),
thereby generating heterogeneous genomic divergence between the lake and
the stream populations (Wu 2001).
6.3.3 Signatures of selection around a known adapta-
tion locus
Our analyses of localized signatures of selection within the genome focused
on regions likely important to adaptation to the lake and stream habitats,
yet it is unknown what phenotypes the polymorphisms in these regions in-
fluence. For the extent of lateral plating, however, it was possible to take
an alternative route and to investigate the molecular signatures produced
by selection on a trait known a priori to be important to lake–stream diver-
gence. We started at the phenotypic level by establishing that lake individu-
als were mostly completely plated, whereas plating was relatively reduced in
all stream populations, most clearly so in NID and GRA (lake–BOH permu-
tation test for similar plating: P = 0.420; lake–NID: P = 0.002; lake–GRA:
P < 0.001) (Fig. 6.5a). This agrees with earlier work using different popula-
tions and/or samples from the same basin (Berner et al. 2010a; Chapter 1).
Next, we performed a bulk segregant analysis (BSA) by pooling all completely
and all low–plated stream fish into two separate groups. Genetic differenti-
ation between these groups across genome–wide SNPs revealed a region on
chromosome four (ChrIV) harboring markers with a very strong association
between allelic state and phenotype (Fig. 6.5b). The peak association (FST
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= 0.78) occurred immediately downstream of the Ectodysplasin (Eda) gene.
This locus is known as major determinant of lateral plating (Colosimo et al.
2005; Chapter 5), with a causative cis–regulatory polymorphism having been
identified 1 kb downstream of the coding region (O’Brown et al. 2015). No
SNP outside this region on ChrIV displayed FST > 0.38.
Combined, the phenotypic data and BSA indicate that differentiation in
plating among our study populations involved adaptive lake–stream diver-
gence at the Eda locus. We thus predicted molecular footprints of selection
at this locus. To evaluate this prediction, we inspected all three lake–stream
FST scans for the magnitude of differentiation around Eda (Fig. 6.5c). As
expected from the plate morph distribution (Fig. 6.5a), the strongest dif-
ferentiation occurred in the lake–GRA comparison (FST = 0.40), just 5.7
kb downstream of Eda. However, in this particular comparison, the most
divergent SNP near Eda ranked only within the upper 3.5 percentile of the
genome–wide FST distribution (lake–BOH and lake–NID comparisons: 8.8
and 2.3 percentile). Similarly, the highest absolute Rsb value around Eda
(1.17) also emerged from the lake–GRA comparison but fell only within the
upper 23 percentile of the genome–wide Rsb distribution. Hence, thousands
of SNPs displayed a stronger deviation from selective neutrality than the
Eda locus. Accordingly, subjecting the lake–GRA pairing to a standard se-
lection outlier detection analysis (BayeScan (Foll and Gaggiotti 2008)) failed
to provide any evidence of selection at SNPs surrounding Eda (Fig. S22
(Supplementary material)).
More nuanced insights into the evolution of lateral plating were obtained
by analysing haplotype structure around the Eda locus: in the streams, where
both Eda alleles (still) occur at substantial frequencies, haplotype decay was
slower around the allele associated with complete plating (Fig. 6.5d, top).
Moreover, the haplotype structure around the completely plated allele in the
streams matched the haplotype structure around this allele in the lake (where
the low–plated allele was too rare to characterize LD) (Fig. 6.5d, bottom).
Together, this indicates that selection for complete plating in the lake has
been more effective than selection against plates in the streams, and again
suggests the maintenance of an unfavourable variant – and the associated
phenotype – in the streams by gene flow from the lake (see also Fig. 6.4c).
To fully appreciate the extent of LD driven by selection on lateral plating,
we again took a bulk segregant approach by treating all completely and low–
plated stream fish as separate groups, and looked for distortions between
these groups in the rate of haplotype decay along ChrIV. This confirmed
that selection on the Eda variant driving complete plating has been much
more intense than selection on the low–plated variant, and showed that the
associated sweep has influenced haplotype structure at the scale of megabases
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(Fig. 6.5e). Unexpectedly, this scan also detected a second, similarly strong
selective sweep in completely plated stickleback centred at 11.4 Mb. This
latter region also exhibited a clear signature of divergence in the FST–based
BSA (Fig. 6.5b, top): the differentiation peak in this region (FST = 0.31)
fell within the top 0.06 per cent of the genome–wide distribution.
Together, the investigations at the Eda locus highlight our limited ability
to elucidate the genetic basis of adaptive population divergence based on ge-
netic markers when selective sweeps are incomplete. Neither the magnitude
of differentiation (FST) nor haplotype structure (Rsb) among populations
allowed the major plate locus to emerge as an obvious selection candidate–
despite substantial evolution in the associated ecologically important phe-
notype, and despite an extensive selective sweep visible when comparing
haplotype structure among individuals grouped by phenotype. Given that
stronger signatures than those around Eda are numerous in our data sets, we
conclude that hundreds of genomic regions must be involved in the adaptive
divergence into lake and stream habitats. We further propose that lateral
plate evolution in the Lake Constance basin is governed by at least one other
locus besides Eda. Inspecting the newly detected region on ChrIV indeed pro-
duces a strong candidate gene, Col23a1 (bp–position 11’443’468–11’468’190;
this specific segment contained the highest–FST SNP observed across the new
candidate region in the BSA). Like Eda, this gene encodes a transmembrane
collagen involved in the development of the epidermis (Veit et al. 2011).
Since the new candidate region and Eda occur in close proximity (c. 1.4 Mb
apart) in a low–recombination chromosome region (Chapter 4), it is tempting
to speculate that the coupling of alleles in the two regions might facilitate
divergence in plating relative to the situation where each locus segregates
independently (Yeaman 2013; Roesti et al. 2014).
6.3.4 Detection and characterization of inversions
Our genetic data indicate that lake–stream divergence in the Lake Constance
basin has occurred in the face of gene flow. Genetic polymorphisms pre-
dicted by theory to resist homogenizing gene flow and to diverge between
populations particularly well are chromosomal inversions (Rieseberg 2001;
Kirkpatrick and Barton 2006; Yeaman 2013). The reason is that different in-
version types can physically couple alleles promoting adaptation to different
habitats across multiple loci. The integrity of these allele clusters is easily
maintained, because a single crossover within the inversion generally pro-
duces unbalanced meiotic products in inversion heterozygotes (that is, het-
erokaryotypes), thus effectively suppressing recombination (Sturtevant 1936;
Navarro 1997). Consequently, alternative inversion types can be considered
132
single large–effect alleles.
To test this idea, we examined if lake–stream divergence in the Lake Con-
stance basin was promoted by chromosomal inversions. For this, we scanned
the genome for extended distortions in the relative RAD sequence cover-
age between the lake and each stream population (Fig. S23 (Supplementary
material)). This produced three strong candidates, located on ChrI (approxi-
mate length: 500 kb), ChrXI (450 kb) and ChrXXI (2.1 Mb) (Fig. 6.6a) – all
coinciding with inversions recently identified in a comparison of marine and
freshwater stickleback (Jones et al. 2012). For two of these candidate inver-
sions (ChrI and ChrXI), we designed PCR primers across expected inversion
breakpoints based on our RAD sequences, and the presence/absence of PCR
products confirmed that these regions were inversions (Fig. S24 (Supple-
mentary material)). We then performed several complementary analyses to
characterize the three inversion polymorphisms in our populations. Inspect-
ing inversion–specific allele frequencies revealed that the lake population was
consistently fixed for one inversion type, whereas the stream populations were
polymorphic at two (NID) or all three inversions (BOH and GRA). However,
only at the ChrI inversion were lake–stream frequency shifts strong enough
to drive clearly elevated FST relative to baseline differentiation (Fig. 6.6b).
Consistent with only the stream populations being polymorphic for the inver-
sions, the allelic diversity at polymorphic sites within the inversions tended
to be elevated in the stream populations relative to the lake (Fig. 6.6c).
However, the segregation of an inversion type at very low frequency within a
population sometimes generated an excess of SNPs displaying reduced diver-
sity relative to the genomic baseline within that population (BOH and NID
at the ChrXI and ChrXXI inversions, Fig. 6.6c). The stream populations
also exhibited a clear excess of SNPs falling into the specific MAF class mir-
roring the relative frequency of the minor inversion type (Fig. 6.6d). SNPs
within this MAF class – but not those from other MAF classes –revealed
extended blocks of nearly perfect LD caused by the inversion polymorphisms
in the streams (Fig. 6.6e).
For the ChrI inversion, we experimentally confirmed suppressed recom-
bination in inversion heterozygotes by inspecting crossover frequencies in
an F2 intercross derived from two parental individuals homozygous for ei-
ther inversion type (Chaper 4 & 5). Not a single crossover occurred within
the inversion, but recombination immediately adjacent to the inversion was
frequent (Fig. 6.6f; see Fig. S25 (Supplementary material) for a negative
control of this analysis). Nevertheless, for large inversions, theory predicts
that occasional double crossovers should allow some genetic exchange be-
tween the inversion types, albeit not near the inversion breakpoints (Navarro
et al. 1997; Guerrero et al. 2012). We examined this prediction for the ChrI
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inversion by comparing homozygotes for one inversion type to homozygotes
for the other type, considering individuals from all populations. We found
that while these two groups were fixed for different SNP alleles across most
of the inversion, differentiation decayed in a narrow region in the centre of
the inversion (Fig. 6.6g). This region was also relatively enriched for poly-
morphisms shared between the two inversion types, but contained relatively
few SNPs unique to either of the two types (Fig. 6.6g, bottom).
To learn more about the history and ecology of the three inversion poly-
morphisms, we next established the phylogenetic relationship among our
study individuals using haplotype information based on SNPs located within
the inverted regions only. For each inversion, this revealed the presence
of two haplotype clusters separated by a deep split (Fig. 6.7a). In line
with our findings from the allele frequencies at putative loci under selection
(Fig. 6.4a), Lake Constance fish consistently harbored haplotypes from one
of these clusters only, whereas all stream populations contained haplotypes
from both clusters. Repeating the phylogenetic analysis by including SNPs
extracted from 21 previously sequenced marine and freshwater stickleback
sampled across the species’ global distribution (Jones et al. 2012) produced
a striking result: haplotypes representing the inversion type for which the
Lake Constance population was fixed clustered consistently or were even
identical with haplotypes recovered in marine stickleback (Fig. 6.7b). Con-
versely, haplotypes representing the inversion type found exclusively in the
streams were closely related to, or identical with, haplotypes from global
freshwater populations. To further explore how consistently these inversion
polymorphisms are recruited for lake–stream divergence, we investigated SNP
data for individuals sampled from Lake Geneva and from one of its tribu-
tary streams, waters documented to have been colonized by stickleback very
recently (nineteenth century) and independently from the Lake Constance
basin (see references in Berner et al. 2010a and Lucek et al. 2010; genome–
wide divergence in this lake–stream pair is described in Fig. S26 (Supplemen-
tary material)). We here again recovered all three inversion polymorphisms
(Fig. 6.7c, Fig. S26 (Supplementary material)). At the ChrI inversion, the
direction of lake–stream divergence was congruent between the Lake Con-
stance and Lake Geneva basins, whereas the ChrXI showed no divergence
in the latter. Surprisingly, the direction of lake–stream divergence at the
ChrXXI inversion was reversed between the two basins.
Overall, a first insight emerging from our analyses of inversions is that
the relative frequencies of inversion types need to be taken into account when
scanning population genomic data for the presence of such polymorphisms.
Characteristic signatures like extended blocks of SNPs displaying exceptional
levels of population differentiation or strong LD can become evident only
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when restricting SNPs to the appropriate MAF class. Second, our analysis
of the ChrI inversion shows that genetic exchange between inversion types
can occur despite effective overall recombination suppression, and that this
exchange is biased towards the inversion centre. To our knowledge, this has
previously been demonstrated only for much larger inversions in Drosophila
and Anopheles (Schaeffer and Anderson 2005; Stump et al. 2007). Our
data from the laboratory cross further suggest exceptionally high recombina-
tion rates in the collinear segments immediately flanking the inversion (Fig.
6.6f). This is unexpected – double crossover encompassing a single inversion
breakpoint should produce unbalanced chromatids, hence one would predict
relatively reduced recombination in these regions (Navarro et al. 1997).
Finally, the distribution of inversion haplotypes in the Lake Constance
basin suggests divergent lake–stream selection on these chromosomal rear-
rangements. Specifically, the occurrence of shared haplotypes at both in-
version types within multiple, presently unconnected stream populations,
and the consistent presence of only a single inversion type in the lake, indi-
cate particularly effective sorting of ancestral standing variation in the lake
population. This reinforces our conclusion of asymmetric selection based
on the genome–wide analyses and the inspection of FST and Rsb extremes,
and supports the view that inversion polymorphisms are ecologically relevant
(Rieseberg 2001) (We note that we could not find any indication of intrinsic
incompatibility or transmission disequilibrium between the inversion types,
as their frequencies did not deviate from Hardy–Weinberg expectation in any
inversion–population combination. Details not presented, but see Fig. 6.7c.).
All inversion haplotypes occurring within Lake Constance further coin-
cide with haplotypes predominant in marine stickleback. This suggests the
presence of shared selective features between the ocean and large lakes –
possibly mediated by a pelagic lifestyle in both habitats (see Pearse et al.
2014 for similar evidence from trout) – driving genuine parallel evolution
at a much larger geographic scale than our focal lake – stream system. In
any case, these inversions are not (only) relevant to saltwater – freshwater
adaptation (Jones et al. 2012). To further complicate functional conclusions,
the ChrXXI inversion has diverged in opposed directions between lake and
stream stickleback in the Lake Constance and the Lake Geneva systems. This
unexpected trend is unlikely to arise from drift in the young Geneva system:
among the 50 most extreme genome–wide FST values in this exceptionally
weakly divergent lake–stream pair (genome–wide median FST = 0), 22 (44%)
map to the ChrXXI inversion, including the top value observed overall (FST
= 0.338) (Fig. S26 (Supplementary material)). This suggests intense selec-
tion on this inversion polymorphism in the Geneva system. However, given
the great number of genes coupled by each inversion (∼24, 25 and 109 genes
135
for the ChrI, ChrXI and ChrXXI inversions), dissecting the precise target(s)
of selection in different ecological contexts will remain a serious challenge.
Finally, the detected sharing of haplotypes between our study populations
(derived from Atlantic ancestors) and worldwide stickleback populations (in-
cluding Pacific–derived fish), along with the vast mutational differentiation
observed between the inversion types (Fig. 6.6g and Fig. 6.7b), indicates
that all three inversion polymorphisms must be ancient.
To summarize, a main goal of our study was to dissect the demographic
and selective history of adaptive diversification in lake and stream stickleback
populations within a single lake basin. Combining demographic inference
with broad scale and localized analyses of genetic differentiation and diver-
sity, linkage disequilibrium and haplotype structure within the genome allows
us to reject a standard scenario of parallel divergence of multiple stream
populations from a shared ancestral lake population (Fig. 6.3a–c). Instead,
our results support a history of ecological vicariance with gene flow. This
latter scenario involves the widespread colonization of the Lake Constance
basin by a stream–adapted ancestor, the subsequent emergence of a derived
lake–adapted population through intense selection of standing variation and
sustained gene flow across the lake–stream boundaries (Fig. 6.3d–f). Con-
sequently, different magnitudes of overall divergence among the lake–stream
pairings, and heterogeneous lake–stream divergence across the genome, do
not mirror how strongly gene flow from the lake has constrained the emer-
gence of adaptation in the streams, but how effectively introgression from
the lake has eroded initial stream adaptation. Our work thus underscores
that investigations of patterns of divergence consistent with parallel evolu-
tion should consider an alternative – that is, the repeated retention of shared
ancestral variation, and should be rooted in detailed knowledge about the
demographic and selective history of populations (Bierne et al. 2013). Nev-
ertheless, nested within a vicariance background, our investigation of inver-
sion polymorphisms indicates the recycling of the same genetic variants for
adaptive divergence in seemingly different ecological contexts, and hence real
parallel evolution on a large geographic scale.
Furthermore, our finding of highly heterogeneous genomic divergence con-
flicts with the recent theoretical prediction that adaptive divergence in the
face of gene flow involving selection on extensive standing variation should
produce genome–wide reproductive isolation and therefore limit heterogene-
ity in genome divergence (Flaxman et al. 2014). Given the numerous factors
influencing adaptive divergence in natural populations, we believe that it
will remain very difficult to predict how fast and to what extent hetero-
geneous genomic divergence should build up. However, our study clearly
supports the notion that heterogeneity in genome divergence is promoted
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by sustained gene flow between young populations adapting to ecologically
different environments (for example Feder et al. 2012). We challenge the
claim that such heterogeneity represents the divergence of populations after
reproductive isolation has become complete (Cruickshang et al. 2014).
Finally, our study adds molecular evidence to the idea that chromoso-
mal inversions promote adaptive divergence by acting as loci of large effect
(Rieseberg 2001). However, lake–stream stickleback divergence certainly also
involves numerous loci not located within chromosomal rearrangements, and
selection on some of these loci appears at least as strong as selection on
the inversions. Determining the importance of inversions relative to other
adaptive polymorphisms in evolutionary diversification remains an impor-
tant empirical issue.
6.4 Material and methods
6.4.1 Stickleback samples and marker generation
Specimens from the Lake Constance population were sampled at two local-
ities (Romanshorn, Switzerland, N = 12, and Unteruhldingen, Germany, N
= 13; for geographic details see Chapter 1). Genetic structure is absent at
any scale within this large lake (Fig. S13 (Supplementary material); Berner
et al. 2010a; Chapter 1 ), so the two lake samples were combined to a single
‘lake’ pool for all analyses. Stream stickleback were sampled from three geo-
graphically well-separated tributaries connected through the lake only (Fig.
6.1a). The stream sites correspond to the Bohlingen (BOH, N = 22), Nider-
aach (NID, N = 24) and Grasbeuren (GRA, N = 24) localities in chapter
1). Natural dispersal barriers are absent in all streams, but low man–made
dams have likely restricted gene flow from the lake to the NID and GRA sites
over the last decades. All work in this study was approved by the Veterinary
Office of the Canton of Basel–Stadt (permit number: 2383).
DNA was extracted from stickleback fin and muscle tissue using either a
MagNA Pure LC278 extraction robot (Roche, Basel, Switzerland) with the
tissue Isolation Kit II, or the DNeasy Blood & Tissue Kit (Qiagen, Valen-
cia, USA). After an RNase treatment, the extracts were standardized to 18
ng µl-1 based on multiple NanoDrop photospectrometer readings (Thermo
Scientific, Wilmington, USA), and used to generate RAD DNA libraries es-
sentially following the protocol described in Roesti et al. 2012a. The main
modification was that we used the Nsi1 enzyme for DNA restriction, exhibit-
ing a 7.5 times higher recognition site density (that is, c. 164’000 sites across
the 460 Mb stickleback genome) compared with the commonly used Sbf1
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restriction enzyme. We prepared 12 total RAD libraries, each combining
individually 5mer–barcoded DNA from seven or eight of the 95 total indi-
viduals. For final enrichment, we pooled six replicate PCRs per library to
reduce amplification bias.
Each library was single–end sequenced with 100 cycles on a separate Illu-
mina HighSeq2000 lane. Raw sequence reads were parsed by individual bar-
codes and aligned to the improved assembly (Chapter 4) of the threespine
stickleback reference genome11 by using Novoalign v2.07.06. We enforced
unique alignment, tolerating an equivalent of ∼8 high–quality mismatches or
gaps (flags: –t236, –g40, –x15). Alignments were BAM–converted in Sam-
tools v0.1.11 (Li et al. 2009). For individual consensus genotyping, we first
applied two effective filters to further exclude RAD loci located on repeated
elements. First, loci were excluded if they displayed a read coverage ex-
ceeding three times the mean coverage across all loci within an individual.
Second, if a RAD locus was polymorphic, it was excluded if the two dominant
haplotypes failed to account for >70% of all reads.
Loci passing the above filters were subjected to consensus genotyping
using a refinement of our earlier haplotype–based algorithm (Roesti et al.
2012a), which has been demonstrated to perform highly accurately (Nevado
et al. 2014). The main novelty was that instead of building genotypes
quality–aware base–by–base, we discarded sequence quality and treated the
entire read as the genotyping unit. A diploid genotype was called if the read
coverage contributed by the two dominant haplotypes, or the total coverage
for monomorphic loci (‘effective coverage’), was 15 or greater (median total
coverage across all RAD loci and individuals was 38.5×). Because we ob-
served in our previous work that the distribution of the two haplotypes for
heterozygous loci was over–dispersed relative to the binomial expectation,
we avoided distinguishing homozygote from heterozygote genotypes based
on a theoretical distribution. Instead, a locus was considered heterozygous if
the ratio of the second most frequent haplotype to the sum of the first and
second was >0.25. Otherwise, a locus was considered homozygous. If the
effective coverage was below 15 but at least two, we called a haploid genotype
only, based on the dominant haplotype. Loci with single–read coverage were
discarded. Inspection of the haplotype distribution at RAD loci showed that
with our sequence data, this defensive algorithm maximized both the detec-
tion of truly heterozygote loci and the exclusion of polymorphisms reflecting
technical artifacts (Fig. S27 (Supplementary material)). To create the raw
SNP matrix for downstream analyses, we pooled the consensus genotypes
across all populations and extracted a maximum of six SNPs per RAD site,
provided the haploid consensus genotype coverage across all individuals and
populations was at least 80× .
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6.4.2 Demography and phylogenetics
To explore the evolutionary history of our four study populations, we re-
constructed their demography using the coalescent simulator fastsimcoal2.1
(Excoffier et al. 2013). As input, we computed the observed joint site fre-
quency spectrum (SFS) for each of the six pairwise population combinations.
For this, we first sampled at random exactly 30 haploid consensus genotypes
per RAD locus from each population. Loci with sparser coverage and those
harboring more than two polymorphisms with an identical frequency of the
less common allele (that is, the ‘minor allele frequency’ (MAF)) across the
last 30 positions were ignored. The latter excluded uninformative sequential
pseudo–SNPs from RAD loci harboring a micro–indel polymorphism, and
hence ensured that only true SNPs were considered. Next, we counted the
occurrence of the minor allele at each of the 89 positions per RAD locus in
each population to populate the SFS. This considered both monomorphic po-
sitions and bi–allelic SNPs. For the latter, the minor allele was defined based
on the pool of all four populations. If the MAF of a SNP was exactly 0.5,
both alleles were treated as minor and entered the SFS, but with a weight
of 0.5 only (personal recommendation by L. Excoffier). The resulting joint
SFS were based on 14.837 million base positions on 166’711 RAD loci. We
additionally computed all population–specific SFS with the same resolution.
Using the observed joint SFS, we then performed simulations with fast-
simcoal2.1 to estimate the most likely parameter values for an evolutionary
scenario in which the four focal populations split under gene flow from an
ancestral population colonizing the Lake Constance basin. We here assumed
that the populations in the different habitats established rapidly, justifying
a single splitting time. We estimated the age of the split, all effective pop-
ulation sizes (including the ancestor), migration rates between the lake and
each stream population (but not among stream populations) and the SNP
mutation rate. The simulation was run in 80 replicates, each including 40
estimation loops with 100’000 coalescent simulations. To determine the best
parameter estimates, we selected the 10 most likely replicate runs (that is,
those with the smallest difference between the estimated and observed like-
lihood) and used this subset to calculate the mean for all parameters, along
with their 95% confidence intervals (95 percentiles from bootstrap distribu-
tions based on 100’000 resamples). Because the lake population turned out
to be particularly strongly influenced by selection, we explored an analogous
model in which just the two stream populations most divergent from the lake
(NID and GRA) split from an ancestor under gene flow.
To explore phylogenetic relationships among populations, we first reduced
individual genotypes to single–letter code and eliminated individuals with
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>75% and SNPs with >15% missing data. We then used the R (R Core
Team 2013) package phangorn (Schliep 2011) to infer the most appropriate
model of sequence evolution (Posada 2008) (GTR + G + I). (The R language
was used for all analytical procedures in this paper, unless noted otherwise.)
Finally, we constructed unrooted maximum likelihood trees to infer the phy-
logeny of all four populations (based on 51,188 SNPs) and of the two lake
samples only (55’561 SNPs). These analyses used no more than one SNP per
RAD locus and required a MAF > 0.2 across all populations (MAF > 0.05
resulted in very similar results). Node support was assessed with 200 boot-
strap replicates. The same data were also used to visualize genetic structure
based on a principal coordinates analysis as implemented in the R package
ape (Paradis et al. 2004). Rooted phylogenies were constructed analogously
by incorporating genotype data from geographically distant outgroup stickle-
back individuals, including the Pacific BEPA reference genome individual, at
14’429 SNPs ascertained in the populations from the Lake Constance basin.
6.4.3 Genetic diversity
Two analyses were conducted to compare genetic diversity among the popu-
lations. For both, we only considered SNPs from our raw SNP matrix that
occurred alone on a given RAD locus (that is, data from RAD loci harbor-
ing multiple polymorphisms were ignored). Using only such ‘loner SNPs’
avoided potential bias in the estimation of genetic diversity due to pseudo–
SNPs caused by micro–indels. We further ignored those loner SNPs display-
ing a minor allele count <2 across all individuals pooled, thereby avoiding
sequencing artifacts. We thus obtained a total of 62’332 genome–wide loner
SNPs. As a first measure of diversity, we determined for each population the
proportion of the total loner SNPs actually being polymorphic. To obtain
a second diversity measure, we screened all loner SNPs for the presence of
three alleles across all individuals pooled (‘tri–allelic loner SNPs’; the least
frequent allele had to occur at least twice across all individuals). On average,
one out of 169 loner SNPs proved tri–allelic (genome–wide total: 368). We
then determined for each population the proportion of the total tri–allelic
loner SNPs actually displaying all three alleles.
6.4.4 Genome–wide LD
We quantified LD within each population using the squared correlation coef-
ficient (R2) between pairs of SNPs. From the raw SNP matrix, we excluded
SNPs that were tri–allelic or had >25% missing genotypes, and individuals
with >75% missing diploid genotype calls. The remaining SNPs were filtered
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for two different MAF ranges (0.05–0.275 and 0.275–0.5). Only a single ran-
domly chosen SNP was retained if multiple SNPs passed these thresholds
for a pair of sister RAD loci (that is, the two RAD loci flanking the same
restriction site). The final number of SNPs was 16’088 and 18’787 for the for-
mer and latter MAF range (marker number was adjusted to be equal for all
populations). We then ran PLINK (Purcell et al. 2007) with the command
line ‘–ld-window 100 –ld-window–kb 100 –ld–window–r2 0’ to calculate R2,
enabling R2 values even below the default threshold of 0.2 to be reported.
On average, this resulted in 142’249 R2 values for the 0.05–0.275 MAF range,
and in 241’154 R2 values for the 0.275–0.5 MAF range. We then assigned the
R2 values to 1 kb bins according to the physical distance between the two
focal SNPs, and plotted the mean R2 for each bin from 1 to 100 kb. For the
analysis of genome–wide LD decay with the full MAF range (0.05–0.5), we
pooled the two MAF range specific PLINK outputs (one generated for the
0.05–0.275 and one for the 0.275–0.5 MAF range) before binning. Setting
a MAF range of 0.05–0.5 right at the filtering step of the raw SNP matrix
produced very similar results. To investigate more localized LD along chro-
mosomes, we considered only R2 values between SNPs > 2 kb but < 50 kb
apart (a range between 2 kb and 30 kb, or considering pairwise R2 values only
produced similar results supporting identical conclusions). We determined
the physical midpoints for all SNP pairs, binned the respective R2 values in
non–overlapping 200 kb windows along the genome, and calculated average
R2 for each window and population. Different window sizes (that is, 50 or
100 kb) yielded similar results supporting identical conclusions. To visual-
ize localized differences in LD along the genome between the lake and GRA
populations, we subtracted for each window the GRA R2 value from its lake
counterpart, yielding a metric referred to as Delta R2’. We further calculated
the correlation of R2 values between the lake and each stream population, us-
ing the above windows as data points. The magnitude of this correlation was
evaluated against its empirical random distribution generated by permuting
the R2 data over the windows 10’000 times.
6.4.5 FST–based identification of selected regions
Scans for genomic regions exhibiting strong differentiation were performed
for each lake–stream combination. (We decided to refer to particularly high
differentiation values as ‘extremes’ rather than ‘outliers’, as the outlier termi-
nology implies a distinct class of loci.) Consistent with Roesti et al. (2012a,
2014), FST was calculated based on haplotype diversity. We considered only
polymorphisms exhibiting a nucleotide coverage of at least 21× in each pop-
ulation. To achieve adequate information to calculate genetic differentiation
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(Roesti et al. 2012b), we further ignored SNPs with a MAF <0.2 across
the focal lake and stream population pool. If multiple SNPs derived from
the same RAD locus, we selected only the single one yielding the highest
FST value (selecting instead based on maximum MAF, or at random, had no
material influence on the results). Applying these stringent filters, we ob-
tained 55’476, 57’119 and 60’052 genome–wide FST values for the BOH–lake,
NID–lake and GRA–lake comparisons. To obtain regions suited for a detailed
characterization of signatures of selection, we chose the 25 autosomal SNPs
displaying the highest FST values across the three FST data sets combined
(that is, 172’647 FST estimates from 79’770 unique SNPs). To ensure that
each of these differentiation extremes represented an independent genomic
region, SNPs were ignored if they were closer than 200 kb to a SNP already
accepted as extreme.
6.4.6 Haplotype–based identification of selected regions
Our FST–based search for evidence of positive selection was complemented
with haplotype–based statistics proving particularly powerful to detect in-
complete selective sweeps (Sabeti et al. 2006; Oleksyk et al. 2010). However,
they rely on relatively high marker resolution and robust sequence coverage
in many individuals; requirements met by our study (see above). From the
raw SNP matrix, we first excluded SNPs that were tri–allelic, had >40%
missing genotypes, or did not reach a MAF of 0.05. We further excluded
individuals with >75% missing diploid genotype calls after SNP–filtering.
fastPHASE (Scheet and Stephens 2006) was then used to reconstruct haplo-
types and missing genotypes separately for each chromosome. We classified
individuals according to their population (–u option) and increased the num-
ber of iterations of the EM algorithm to 50 (–C option; default is 25) and
the number of sampled haplotypes to 100 (–H option; default is 20). fast-
PHASE output files were then imported into the R package rehh (Gautier
and Vitalis 2012) to obtain the following haplotype–based statistics: EHH
(Sabeti et al. 2002) (allele–specific ‘Extended Haplotype Homozygosity’),
EHHS (Sabeti et al. 2002) (population–specific weighted average of EHH
across both alleles), iHH (Voight et al. 2006) (‘integrated Haplotype Ho-
mozygosity’), iHS (Voight et al. 2006) (‘integrated Haplotype Score’) and
Rsb (Tang et al. 2007) (the standardized ratio of integrated EHHS from two
populations). iHS was calculated separately for each of the four populations
using the ‘scan–hh’ and ‘ihh2ihs’ commands (‘minmaf’, the MAF threshold,
was set to 0.05; ‘–freqbin’ was set to 0, but setting this option to 0.05 or
0.1 resulted in qualitatively similar results supporting identical conclusions).
Rsb was calculated for each of the three possible lake–stream comparisons
142
by applying default parameters (‘ies2rsb’ command). We obtained a total of
87’738 Rsb values (corresponding to an average marker distance of 4.8 kb),
which were screened for extremes (that is, values below – 4 or above 4 (Tang
et al. 2007; Flori et al. 2012)). Haplotype decay around FST and Rsb ex-
tremes was calculated and visualized using the ‘calc–ehh’ and the ‘calc–ehhs’
option at default.
6.4.7 Analyses specific to lateral plating
To screen the genome for loci influencing the lateral plate phenotype, we per-
formed a BSA by assigning 24 completely plated stream individuals to one
phenotypic group, and 24 low–plated stream individuals to another group
(lateral plate phenotyping followed chapter 1). This assignment considered
all three stream populations but ignored the (mostly completely plated) lake
fish, thus avoiding confounding signals of lake–stream divergence (that is,
signals unrelated to plate phenotype). Based on 61’822 SNPs, we then
carried out a genome–wide FST scan by treating the phenotypic groups as
populations, but otherwise following all conventions described above for the
population–based FST calculations.
To examine if Eda was recognized as a selected locus in a standard FST
scan, we applied BayeScan (Foll and Gaggiotti 2008) to the SNP data set
from the GRA–lake comparison (60’052 markers), that is, the population
pair with the strongest differentiation at Eda. BayeScan was run with default
settings except that we used 300 as prior odds for neutrality–according to the
software manual an appropriate value for this data set. However, a second
analysis was performed with the default prior odds of 10, which is expected
to produce more liberal results.
For the Eda–specific analyses of haplotype structure, we created three
pools: a first pool with all completely plated stream individuals, a second
pool with all low–plated stream individuals (both N = 24), and a third
pool with all completely plated lake individuals (N = 19). We calculated
and plotted EHHS for each pool around the SNP exhibiting the highest
FST value in the above bulk segregant genome scan (bp–position 12’832’658
on chromosome IV). Finally, we subtracted iHS values from the completely
plated stream individuals from the corresponding values in the low–plated
stream individuals (‘Delta iHS’) across chromosome IV (N = 5’626; aver-
age marker distance = 6 kb). Delta iHS was then averaged and plotted
in non–overlapping 100 kb windows (different window sizes led to identical
conclusions).
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6.4.8 Identification and characterization of inversions
Our approach to detecting inversions was based on the expectation that the
two inversion types (collinear and inverted), representing two isolated pop-
ulations, differ in their magnitude of divergence from the reference genome.
This should cause differential read alignment success across inverted genomic
regions. Inversions should thus be revealed by a physically extended distor-
tion of the relative RAD locus sequence coverage between two populations
if these populations differ in the frequency of the inversion types (Fig. S23
(Supplementary material)). The same logic recently enabled the identifica-
tion of evolutionary strata on the stickleback sex chromosome (Chapter 4).
We therefore screened all 372’884 RAD loci for population–specific sequence
coverage, excluding those with a total sequence coverage below 200 across
all populations and those located in genomic regions unanchored to chromo-
somes, thus obtaining 290’170 informative loci. For each stream population,
we calculated the RAD locus–specific stream to lake coverage ratio. Next,
we divided the chromosomes in non–overlapping 20 kb windows (21’048 in
total) and calculated the average coverage ratio among the RAD loci for each
one of them (using the coverage variance among RAD loci within windows
produced very similar results). The median number of RAD loci per window
was 13. Finally, we looked for distortions in the coverage ratio extending
over multiple adjacent windows, suggesting the presence of an inversion. We
note that this analysis based on read coverage was limited to the detection
of relatively large inversions exhibiting substantial sequence divergence.
To confirm that the above sequence coverage method reliably detects
inversions, we used RAD loci near an expected inversion breakpoint in two
of the three emerging candidate regions to design PCR primer pairs across
the breakpoint boundaries. These primer pairs were expected to yield a
PCR product only for the inversion type occurring in the streams. Ten to 13
individuals representing a given inversion type were subjected to long–range
PCR and inspected for the presence or absence of amplification (further
details are given in Fig. S24 (Supplementary material)).
Next, we examined allelic diversity and minor allele frequencies (MAFs)
around the three detected inversions. For this, we screened each of the four
population samples separately for polymorphisms with >50% available geno-
type calls (singletons were omitted to exclude technical artifacts) and calcu-
lated haplotype diversity (that is, an analogue of heterozygosity ranging from
0 to 0.5) and the MAF at each SNP. RAD loci were allowed to contribute
a single SNP only, keeping the one with the highest diversity when multiple
SNPs occurred on the same locus (drawing a SNP at random or averaging
diversity estimates of multiple SNPs per RAD locus yielded very similar re-
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sults). Diversity was visualized using R’s implementation of LOESS (locally
weighted scatterplot smoothing; LOESS was used for all smoothing in this
paper). The MAF frequency distribution within the inversions was plotted
for the lake and for the stream population displaying the strongest inver-
sion frequency shift from the lake. For this population, we also plotted the
genome–wide MAF distribution.
To investigate LD patterns around the three inversions and to refine their
physical boundaries, we calculated LD as the correlation among unphased
SNP alleles using the R2 statistic implemented in mcld (Zaykin et al. 2008).
Only bi–allelic SNPs with <25% missing data and individuals with <50%
missing diploid genotype calls were considered. When multiple SNPs were
located on sister RAD loci, only a single randomly picked SNP was retained.
For the calculation of LD, we applied different MAF filters, including a 0.15
MAF range centered on the MAF peak reflecting the relative frequency of
the two variants at each inversion (see MAF analysis above). Patterns of
LD around the inversions were visualized using the LDheatmap (Shin et al.
2006) R package for the stream population displaying the strongest inversion
frequency shift from the lake (analyzing the other stream populations yielded
very similar estimates of the inversion breakpoint positions).
To construct haplotype genealogies for the inversions using individuals
from the Lake Constance basin only, we first extracted the SNPs in each
inversion, (SNPs closer than 20 kb to the inversion breakpoints identified in
the LD analysis above were not considered). Next, we excluded SNPs with
a MAF <0.05 and with >25% missing genotypes. Different MAF ranges
(that is, 0.1–0.5 or 0.2–0.4) led to identical conclusions. Individuals with
>75% missing diploid genotypes after removing low–quality SNPs were ex-
cluded. When multiple SNPs per sister RAD loci passed the above filters,
we only retained the one with the highest MAF (choosing a random SNP
yielded similar results). For the largest inversion (located on ChrXXI), we
randomly subsampled the resulting SNP panel to a total of 173 SNPs to
reduce complexity. Haplotype reconstruction used PHASE 2.1 (Stephens et
al. 2001), optimized by specifying the physical position of all polymorphisms
and increasing the number of search iterations to >99. Five independent
runs were performed with different seeds to confirm consistency among the
results. Haplotype alignments were used to infer phylogenetic trees with
RAxML v.8.0.0 (Stamatakis 2014), using the GTRCAT model of sequence
evolution with rate heterogeneity among sites. Based on sequence alignments
and phylogenetic trees, we constructed and visualized haplotype genealogies
with Fitchi (Matschiner, M.: Fitchi: Haplotype genealogy graphs based on
Fitch distances. http://www.evoinformatics.eu/fitchi, 2015), using a mini-
mal node size of two haplotypes for display (–n option). To construct haplo-
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type networks including individuals from across the stickleback’s geographic
range, we randomly selected 20 SNPs from the Lake Constance–specific hap-
lotype genealogies, and inferred the genotypes at these SNPs for a total of 11
freshwater and 10 marine stickleback specimens (Jones et al. 2012) based on
the ENSEMBL and the UCSC Stickleback Genome Browsers. The resulting
SNPs (12, 13 and 14 for the ChrI, ChrXI and ChrXXI inversions) were used
for haplotype network construction and visualization as described above.
The Lake Constance–specific haplotype networks allowed us to unam-
biguously infer diploid genotypes at all three inversions for our main study
individuals. Of these individuals, 33 had already been RAD sequenced previ-
ously using the Sbf1 restriction enzyme (Roesti et al. 2012b), allowing us to
determine SNPs on Sbf1 RAD loci diagnostic for the two variants at each in-
version. At these diagnostic SNPs, we then determined the diploid genotypes
in 27 lake and 27 stream stickleback from the Lake Geneva basin (Berner et
al. 2010a). For the stream individuals, Sbf1 RAD data were already available
(Chapter 4). For the Lake Geneva individuals, however, RAD sequence data
were generated specifically for this study, following the protocol described
in (Roesti et al. 2012a). The SNP data from all individuals from the Lake
Geneva basin were then used to search for the presence of inversion poly-
morphisms in this lake–stream system, to determine the frequencies of the
inversion types in each population, and additionally to conduct an FST–based
lake–stream genome scan.
To explore the short–term recombination rate at the inversions, we in-
spected genotype data from an F2 laboratory intercross (Chapter 4). This
revealed that the two parental stickleback individuals used to initiate the
cross (a male from Lake Constance and a female from a tributary stream of
Lake Geneva) were fixed for different inversion types at the ChrI inversion
(but not at the two other inversions). We therefore counted crossovers be-
tween SNPs across the ChrI inversion region in all 282 F2 individuals. As a
negative control, we did the same around the ChrXI and ChrXXI inversions.
To address the theoretical prediction that large inversions should maintain
some genetic exchange due to double crossovers (gene conversion is consid-
ered less important)(Navarro et al. 1997), we assigned stream individuals
from the Lake Constance basin homozygous for one or the other inversion
type at the ChrI inversion to separate groups (N = 15 and 20 for the stream
and lake inversion type, defined according to Fig. 6.7c). These groups were
then used to perform an FST–based differentiation scan. Additionally, using
the same groups, we determined the number and location of loner SNPs spe-
cific to each inversion type, or shared between the types, within and around
the ChrI inversion. Analogous analyses for the ChrXI and ChrXXI inver-
sions were not possible because here individuals homozygous for the stream
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inversion type were too rare (Fig. 6.7c).
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7.1 Abstract
Methane emissions from ruminant livestock have been intensively studied
in order to reduce contribution to the greenhouse effect. Ruminants were
found to produce more enteric methane than other mammalian herbivores.
As camelids share some features of their digestive anatomy and physiology
with ruminants, it has been proposed that they produce similar amounts of
methane per unit of body mass. This is of special relevance for country-
wide greenhouse gas budgets of countries that harbor large populations of
camelids like Australia. However, hardly any quantitative methane emission
measurements have been performed in camelids. In order to fill this gap,
we carried out respiration chamber measurements with three camelid species
(Vicugna pacos, Lama glama, Camelus bactrianus ; n = 16 in total), all kept
on a diet consisting of food produced from alfalfa only. The camelids pro-
duced less methane expressed on the basis of body mass (0.32±0.11 L kg-1
d-1) when compared to literature data on domestic ruminants fed on roughage
diets (0.58±0.16 L kg-1 d-1). However, there was no significant difference be-
tween the two suborders when methane emission was expressed on the basis
of digestible neutral detergent fiber intake (92.7±33.9 L kg-1 in camelids vs
86.2±12.1 L kg-1 in ruminants). This implies that the pathways of methano-
genesis forming part of the microbial digestion of fiber in the foregut are
similar between the groups, and that the lower methane emission of camelids
can be explained by their generally lower relative food intake. Our results
suggest that the methane emission of Australia’s feral camels corresponds
only to 1 to 2% of the methane amount produced by the countries’ domestic
ruminants and that calculations of greenhouse gas budgets of countries with
large camelid populations based on equations developed for ruminants are
generally overestimating the actual levels.
7.2 Introduction
The quantification and abatement of methane (CH4) emissions from domes-
tic ruminants have received major attention from the scientific community
during the last decades (Johnson and Johnson 1995; Hackstein and van Alen
1996; Beauchemin et al. 2008; Martin et al. 2010) Ruminants digest fibrous
carbohydrates by microbial fermentation of plant material in their gastroin-
testinal tract (Stevens and Hume 1998). One of the side products of this
fermentation process is CH4, a greenhouse gas (GHG) that also represents a
loss of energy to the host animal (Johnson and Johnson 1995).
Among mammals, ruminants (Ruminantia) produce the highest amounts
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of CH4 in relation to body mass, yet explanations for this finding remain
speculative (Franz et al. 2010). Some of the features that characterize rumi-
nants, like the ability to ruminate and a chambered foregut that enables the
sorting of food particles according to size, are shared with another artiodactyl
suborder, the camelids (Tylopoda) (Vallenas et al. 1971; Lechner–Doll and
von Engelhardt 1989; von Engelhardt et al. 2006a; Wang et al. 2000). Given
these similarities in digestive anatomy and physiology, it has been assumed
that camelids produce similar amounts of CH4 as ruminants when compared
at the same body mass range (IPCC 2006; Lerner et al. 1988; Franz et al.
2010) and are thus responsible for the release of significant amounts of this
GHG. However, despite the similarities to the ruminant digestive anatomy
and physiology, there are some important differences between the two sub-
orders:
1. The camelid foregut can be separated into three compartments (Val-
lenas et al. 1971; Wang et al. 2000). The first two compartments
(C1 and C2) represent a fermentation chamber similar to the reticu-
lorumen of ruminants. The last elongated tubular compartment (C3)
shows similarities to the abomasum of ruminants (Wang et al. 2000).
Despite structural similarities with the ruminant foregut, the camelid
compartments cannot be considered as direct homologues (Vallenas et
al. 1971).
2. Camelids have a lower food intake compared to ruminants (Meyer
2010), which corresponds to their lower energy requirements (NRC
2007). This can be interpreted as an adaptation to environments with
low resource availability.
3. Food particles are retained longer in the camelid foregut than in the
ruminant foregut (Heller et al. 1986a). This could be explained by
the lower intake of food, and results in a longer time of fermentation,
which is a prerequisite for effective fiber digestion. It has also been
suggested that longer particle retention is achieved by the delayed start
of rumination after feeding compared to ruminants (von Engelhardt
2006).
4. The mechanism of particle sorting in the forestomach appears to be
similarly density–dependent in camelids and ruminants (Lechner–Doll
and von Engelhardt 1989). However, some proportions of large particles
are found in the last camelid forestomach compartment (C3), where no
further breakdown of particles takes place. Large particles are not
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found in the distal digestive tract or feces, these large particles need
to be returned to the C1/C2 compartments from which they can be
re–submitted to further size reduction via rumination (Lechner–Doll
and von Engelhardt 1989). This particularity of retaining very large
particles in the last compartment could represent a limitation for food
intake.
5. Camelids were reported to have a higher efficiency in dry matter and
fiber digestion than ruminants (Hintz et al. 1973; Kayouli et al. 1993;
Dulphy et al. 1997; Sponheimer et al. 2003). This is probably achieved
by a longer retention of particles and not by different fermentation
pathways, as composition of the microbial community in the camel gut
resembles the one in ruminants (Ghali et al. 2004, 2011). The longer
particle retention and the consequently longer exposition to microbial
fermentation could result in a higher CH4 production per unit food
ingested when compared to ruminants.
Taken together, there are notable differences in the anatomy and physiol-
ogy of the digestive tract between camelids and ruminants, which may influ-
ence microbial CH4 production. Relatively little is known about CH4 emis-
sion by camelids. Hackstein and Van Alen 1996 detected methanogenesis in
the feces of Bactrian camels (Camelus bactrianus), alpacas (Vicugna pacos)
and guanacos (Lama guanaicoe). A study on methanogenic archeae in the
alpaca foregut revealed the presence of Methanobrevibacter strains, which are
the most common methanogens in ruminants, at similar densities as reported
for ruminants (St–Pierre and Wright 2012). The occurrence of production of
enteric CH4 was confirmed for dromedaries (Camelus dromedarius) (Schulze
et al. 1997; Guerouali and Laabouri 2013), llamas (Lama glama) (Carmean
et al. 1992; Vernet et al. 1997) and alpacas (Pinares–Patiño et al. 2003,
2009; Liu et al. 2009a, 2009b).
Including livestock emissions into global GHG surveys revealed that en-
teric fermentation, mostly of ruminants, contributes approximately 20 to 25%
to the observed increase in atmospheric CH4 (Lassey 2007). Such estimates
are generally developed based on equations for ruminants and animal popu-
lation sizes of the respective countries (IPCC 2006). Therefore, specific data
for CH4 emission from camelids are interesting for calculating GHG budgets
of countries that harbor large populations of camelids like several African
and South American countries as well as Australia (Saalfeld and Edwards
2010; FAO 2013).
To fill this gap of knowledge, we measured CH4 emission in three camelid
species and compared them with literature data from ruminants. Our hy-
potheses were that (i) camelids produce less CH4 than ruminants per kg of
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body mass (BM) because it is known that their food intake per capita is
lower than that of ruminants of similar size (NRC 2007; Meyer et al. 2010).
Given the longer time of particle retention camels (Heller et al. 1986a), which
results in a longer time available for fermentation of the digesta and, thus, in
a higher nutrient digestibility (Hintz et al. 1973; Kayouli et al 1993; Dulphy
et al. 1997), (ii) CH4 production per unit food ingested was expected to be
higher in camelids than in ruminants. The same was expected for methane
expressed as percentage of digestible energy intake (DEI) as a higher di-
gestibility might result in a production of higher amounts of CO2 and H2,
the substrates for CH4. This has already been shown in sheep (Blaxter
and Clapperton 1965) (iii). As fiber is the main substrate for methanogens
(Moe and Tyrell 1979), CH4 emission should be determined especially by the
amount of digestible fiber ingested by the animal. Despite the differences
in digestive anatomy and physiology between ruminants and camelids, we
further assumed that the process of fiber digestion itself and the pathways
of methanogenesis are similar in both groups and that, therefore, (iv) camels
produce the same amount of CH4 when expressed on a basis of digestible
neutral detergent fiber intake (dNDFI).
7.3 Material and methods
7.3.1 Ethics statement
Animal trials in this study were approved by the Kantonales Veterinäramt
Zürich, Switzerland, and took place under the Swiss Cantonal Animal Ex-
periment Licence no. 142/2011.
7.3.2 Study species
Measurements were carried out on three camelid species that were chosen to
cover a range of body mass corresponding that of domestic ruminants. The
smaller two species, alpacas and llamas, belong to the SAC. Despite uncer-
tainties about their taxonomic affiliations, llamas and alpacas are considered
to be the domesticated forms of the guanaco (Lama guanicoe) and vicugna
(Vicugna vicugna), originating in the Andean region (Wheeler 1995). The
third species selected was the Bactrian camel, the largest member of this
suborder, which was originally distributed over the Asian continent, while
nowadays only few remaining free–ranging individuals roam small desert ar-
eas in Mongolia and China (Tulgat and Schaller 1992).
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Table 7.1: Nutrient composition of the diet items used in the present study (in
g/kg dry matter and MJ/kg dry matter for GE).
Diet item Species TA CP EE CF NDF ADF ADL GE
Alfalfa hay Alpaca 8.3 14.8 1.0 37.8 58.5 38.5 8.4 18.3
Llama 9.6 13.3 0.9 40.0 59.2 44.6 9.2 18.1
Bactrian camel 9.6 16.3 1.0 41.4 56.2 45.6 9.9 17.9
Alfalfa pellets* All camelids 11.9 16.6 1.6 26.6 40.8 33.3 7.9 18.3
TA total ash, CP crude protein, EE ether extracts, CF crude fiber, NDF neutral detergent fiber, ADF acid detergent fiber,
ADL acid detergent lignin, GE gross energy.
*No. 2805, Provimi Kliba SA, Kaiseraugst, Switzerland.
7.3.3 Respiration measurements
Five alpacas kept at Zoo Zürich, and six llamas and five Bactrian camels kept
on a private camel farm in Switzerland were separated and kept in individual
pens. Animals had access to a diet consisting of alfalfa hay provided at ad
libitum access and a limited amount of alfalfa pellets (Table 7.1). Alfalfa
pellets made up 53±10, 33±6 and 21±2% of DMI in alpacas, llamas and
Bactrian camels respectively. They had unrestricted access to water. Details
on the experimental animals are given in Table 7.2.
In order to determine DMI, digestible NDF intake (dNDFI), and DEI,
food supply, refusal and feces amounts were weighed daily during one week
before the CH4 measurements, and representative samples were taken. After
the animals were weighed on a mobile scale (alpacas) or a truck scale (llamas,
Bactrian camels), they were put separately into the respiration chambers for
one 24 h period. For the alpacas, a transport box of a size of 1.9×0.7×1.3
m was used as chamber, for the llamas and the Bactrian camels a part of
a building was separated by wooden panels to build boxes of 2.9×1.6×2.4
m and 4.5×2.9×2.4 m, respectively. To prevent air leaks, the chambers
were sealed with plastic foil (Building and covering film, 0.2 mm, Folag AG
Folienwerke, Sempbach, CH), silicone and tape. In the chambers the animals
also had free access to alfalfa hay and water, and a limited amount of alfalfa
pellets.
Chambers were fitted with a series of air inlets at the bottom and a
series of air outlets at the top of the chamber, that were connected to an air
pump (Flowkit 500, Sable Systems, Las Vegas, USA), which ensured a slight
under–pressure in the chamber and constant flow rates of 48 to 72 L min-1 for
alpacas, 116 to 148 L min-1 for llamas and 362 to 460 L min-1 for Bactrian
camels, respectively. Levels of CH4, oxygen, carbon dioxide, water vapor
pressure and barometric pressure were measured by gas analyzers (MA–10
and Turbofox, Sable Systems) from ambient air and air sampled from the
chambers at alternating intervals of 90 seconds each. Wash out times for
the system ranged at 10 seconds and readings were corrected for this time
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lag. For data analysis, we only used measurements recorded after gas levels
in the chamber had reached a stable plateau, which occurred 60 to 150 min
after the animals had been placed in the boxes. Animals were under constant
monitoring throughout the measurements.
Gas analyzers were calibrated prior to each measurement by using pure
nitrogen and a calibration gas (PanGas, 19.91% O2, 0.51% CO2, 0.49% CH4
dissolved in nitrogen). Data obtained by the respiratory system were an-
alyzed with the software ExpeData (Sable Systems) where the mean CH4
concentration was calculated and corrected for CH4 concentration in ambi-
ent air, partial pressures of oxygen, carbon dioxide and water vapor as well
as barometric pressure.
7.3.4 Sample analysis
Nutrient contents of the samples from food, refusals and feces were analyzed
using standard procedures (AOAC 1997; Van Soest et al. 1991). All samples
were oven–dried at 65 ◦C and ground to 0.75 mm with a mill (Retsch GmbH,
Haan, Germany). Samples were analyzed for dry matter content by drying
at 103 ◦C to constant weight. Gross energy (GE) was determined by bomb
calorimetry (IKA–Calorimeter C4000, Ika, Stauffen, Germany). Total ash
(TA) was analyzed using a muﬄe furnace (Naumann and Bassler 1976).
For determinations of nitrogen by the Dumas method, an Elementar rapid
N III Analyzer (Elementar Analysensysteme, Hanau, Germany) was used.
Crude protein (CP) was calculated as 6.25×N (Robbins 1993). Crude fiber
(CF), NDF (after treatment with α–amylase), ADF and ADL contents were
determined using the Fibertec System M (Tecator, 1020 Hot Extraction,
Flawil, Switzerland; AOAC 962.09). The fiber data were corrected for ash
content. Ether extract (EE) was analyzed with a Soxhlet extractor system
(Extraktionsapparatur B–811, Büchi, Flawil, Switzerland; AOAC 963.15).
Nitrogen free extract (NfE) was calculated as 100 – TA (%) – CP (%) – EE
(%) – CF (%).
Nutrient data were used to predict the expected amount of CH4 produced
by domestic cattle on the corresponding diet using the equation of Kirchgess-
ner et al. 1991: CH4 (g d-1) = 63 + 80×CF (kg d-1) + 11×NfE (kg d-1) +
19×CP (kg d-1) – 195×EE (kg d-1).
7.3.5 Literature data
Apart from the scarce CH4 data on camelids, where the animals had received
a roughage–only diet, literature data were collated from the three most com-
mon domestic ruminant species, i.e. cattle (Bos taurus and Bos indicus),
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sheep (Ovis aries) and goat (Capra hircus). Only measurements that could
be related to BM, DMI, and, if possible, DEI and dNDFI (see Table S6
(Supplementary material) for data and sources) were used. Because of the
differences in the level of detail reported in the various literature sources, the
corresponding datasets differed distinctively in sample size. We only selected
data from animals that were fed on roughage to allow comparison to the
data obtained from our respiration measurements, and to broadly exclude
the effect of diet (as in roughage vs concentrate feeds). Only data obtained
by measurements in respiration chambers were used.
7.3.6 Statistical evaluation
In order to investigate how much CH4 camelids produce in relation to domes-
tic ruminants, we applied general linear models (GLM) with CH4 production
(L per day, L per kg DMI, % of DEI, and L per kg dNDFI) as the dependent
variable, and body mass, suborder (SO, ruminant or camelid) and, when
available for the majority of the data points within a dataset, NDF content
of the diet as fixed effects. The interaction between BM and SO was also
included as fixed effect, but was removed from the model when it was not
statistically significant. In the case of a significant interaction, we performed
separate analyses on two subgroups of different body mass ranges consist-
ing of alpaca and llama (SAC) in comparison to sheep and goats (subgroup:
small) and Bactrian camels in comparison to cattle (subgroup: large) by ap-
plying either GLMs or, when there was no significant effect of BM, Wilcoxon
ranked sum tests. Analyses were carried out with lntransformed values for
BM and the dependent variables.
In addition to that, we tested whether the data obtained by our camelid
measurements were actually in the range that would be expected for rumi-
nants on the experimental diet by subjecting our data to the equation of
Kirchgessner et al. 1991 and by applying a Mann–Whitney–U–test to com-
pare the correspondingly estimated data with the measured data. In order to
test whether CH4 emissions correlate with indicators of energy metabolism,
we incorporated emissions of CH4 and CO2 (L d-1) into a linear model and
calculated the average ratio of CH4:CO2 to compare it to ruminant values
from the literature. All statistical tests were carried out with R 3.0.2 (R Core
Team 2012) and significance levels were set to α = 0.05, with values between
0.05 and 0.10 considered as trends.
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7.4 Results
The dataset on CH4 in L d-1 contained 18 camelid and 48 ruminant data
points. In this dataset, the interaction of body mass and suborder (BM×SO)
was significant (F1,65 = 8.40; P = 0.005), which is why the two animal sub-
groups (small and large) were tested separately. For the smaller animals,
there was no significance for the interaction of BM×SO but an effect of BM
(F1,49 = 40.80; P < 0.001) and a trend (F1,49 = 3.42; P = 0.071) towards lower
CH4 emission from the SAC compared to the smaller ruminants. Within the
larger animals, camels produced significantly less CH4 per day than cattle
(W = 2; P = 0.002) (Fig. 7.1; Table 7.3 for means). The dietary NDF
contents were available for 17 camelid and 18 ruminant data points in this
dataset. The analysis of this reduced dataset revealed that the NDF content
of the diet was no significant covariable (F1,34 < 0.001; P = 0.99).
The dataset on CH4 in L per kg DMI contained 18 camelid and 34 rumi-
nant data points. In this dataset, there was an interaction of BM×SO (F1,51
= 5.58; P = 0.022). Testing the two subgroups separately revealed no effect
of BM in SAC (F1,39 < 0.001; P = 0.987), and lower CH4 emissions per kg
DMI in both large and small camelids compared to ruminants (small: W =
73; P = 0.005; large: W = 0; P < 0.001). Dietary NDF contents in this
dataset were available for 17 camelid and 18 ruminant data points. In this
reduced dataset, NDF content of the diet was a significant covariable (F1,34
= 2.67; P = 0.012), suggesting that in the case of expressing CH4 per DMI
the difference between the suborders is due to the different fiber levels of the
forages used in the experiments evaluated. In this context, the NDF content
in the diet was on average higher in ruminants (59%) than in camelids (50%)
(W = 71; P = 0.007).
The dataset on CH4 in % DEI contained 17 camelid and 23 ruminant
data points. In this dataset, there was no BM×SO interaction (F1,39 = 0.24;
P = 0.625) and no effect of BM (F1,39 = 0.05; P = 0.827). Methane emissions
in % DEI were lower in camelids than in ruminants (W = 59; P < 0.001).
Dietary NDF contents in this dataset were available for 17 camelid and 12
ruminant data points and proved to be a significant covariable (F1,28 = 16.2;
P < 0.001). This again suggests that when expressing CH4 per DEI, any
difference between animals is due to the fiber content of the forages used in
the experiments. In this dataset, NDF content in the diet was on average
57% in ruminants and 50% in camelids (W = 152; P = 0.028).
The dataset on CH4 per kg dNDFI contained 17 camelid and 10 ruminant
data points. In this dataset, there was no interaction of BM×SO (F1,23 =
0.19; P = 0.663) and no effects of BM (F1,23 = 0.47; P = 0.501) and NDF
content (F1,23 = 0.01; P = 0.927). There were also no differences between
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Figure 7.1: Methane emission in L d-1 of domestic ruminants (literature data) and
camelids (own measurements, literature data included in the regression analysis and lit-
erature data not included due to differences in methodology) in relation to body mass.
95% confidence intervals of the regression lines are given in brackets. R2 values of the
regression lines are 0.93 for ruminants and 0.91 for camelids. For data sources see Table
S6 (Supplementary material).
ruminants and camelids (W = 83; P = 0.941) (Fig. 7.2).
In order to test whether the sample of the domestic ruminants influenced
the results, we repeated all analyses (for CH4 per kg BM, per kg DMI and
in % DEI) using only the 10 data points for domestic ruminants for which
data in CH4 per kg dNDFI were available. The outcome did not differ from
the results based on the larger datasets.
The amount of CH4 measured from the Bactrian camels in this experiment
on average amounted only to 46% of the CH4 production estimated from the
equation derived from ruminant data (Kirchgessner et al. 1991) (U = 0;
P < 0.001). This was very similar to the difference found in absolute CH4
production in the larger animals, where Bactrian camels produced 47.5% of
the level of CH4 production described for cattle in L d-1. The CH4 emission
of the camelids correlated highly with CO2 emissions (R2 = 0.98; P < 0.001)
and the CH4:CO2 ratio was 0.082±0.010.
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Figure 7.2: Methane emission in L per kg digestible neutral detergent fiber intake
(dNDFI) of domestic ruminants (literature data) and camelids (own measurements, lit-
erature data included in the regression analysis and literature data not included due to
differences in methodology) in relation to body mass. 95% confidence intervals of the re-
gression lines are given in brackets. R2 values of the regression lines are 0.02 for ruminants
and <0.001 for camelids. For data sources see Table S6 (Supplementary material).
7.5 Discussion
7.5.1 Level of methane emissions by camelids
Only few comparable literature data on CH4 emissions by camelids are avail-
able for inclusion into the overall analysis. To the knowledge of the authors,
no CH4 measurements have been obtained in Bactrian camels before. We
are aware that limiting measurements to 24 h, as done for the animals in
the present study, might be somewhat biased due to variation between days
in physical condition, feeding behavior or stress of the animals remaining
unaccounted for. However, literature data on CH4 measurements obtained
in llamas (Vernet et al. 1997) and alpacas (Pinares–Patiño et al. 2013)
kept on a roughage–only diet were incorporated in our analysis and turned
out to be in the range of the values measured in this study, indicating the
reliability of data derived under similar conditions from respiration measure-
ments. Besides these scarce data, some CH4 measurements in camelids have
been published that were not obtained by chamber respirometry or not on a
roughage–only diet (Carmean et al. 1992; Pinares–Patiño et al. 2003; Liu et
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al. 2009a, 2009b; Guerouali and Laabouri 2013). Despite the different mea-
surement conditions, these values are mostly consistent in magnitude with
our measurements (Fig. 7.1 and 7.2).
7.5.2 Methane emissions by camelids in comparison to
ruminants
Our evaluation demonstrated that camelids produce less CH4 than ruminants
when expressed on a basis of BM, but that CH4 production does not differ
when expressed on a basis of digestible NDF intake. The differences observed
in CH4 production between suborders when expressed per unit of dry matter
or digestible energy intake are most likely due to the disparity in average fiber
contents of the forages fed in the studies evaluated to either camelids (lower
in fiber content) or ruminants. Total CH4 production per day in camelids,
expressed per kg body mass, were on average only 56% of that reported
for ruminants. In contrast, when expressed per unit of dry matter intake,
camelid CH4 production was on average 73% of that in ruminants, which
mirrors the lower fiber content of the diet the camelids received compared to
the ruminants. In contrast to our prediction, the putatively higher digestive
efficiency of camelids did not lead to higher methane values when expressed
per unit food intake.
The least biased variable to compare methanogenesis from nutrient di-
gestion is the amount of CH4 produced per unit of NDF digested. Because,
in ruminants, methane is formed from CO2 and H2, which are products of
microbial fermentation of carbohydrates (Moss et al. 2000; Morgavi et al.
2010), fiber is considered the major substrate for methanogenesis (Moe and
Tyrell 1979). Analyzing CH4 produced per unit of NDF digested excludes
other influences on digestive efficiency, such as different fermentation condi-
tions or a different digesta passage rate. Indeed, from the present evalua-
tion it is obvious that camelids produce as much CH4 per unit of digestible
NDF as ruminants. This suggests that the pathways of methanogenesis via
microbial fermentation might not differ between the two suborders. Differ-
ences between suborders in the amount of CH4 produced therefore reflect
the amount of fiber the animal digested, which in turn is determined by the
general intake level. The most likely explanation for the lower absolute CH4
production in camelids, therefore, is their generally lower metabolism associ-
ated with lower nutrient requirements and thus a lower food intake per unit
of body mass (NRC 2007; Meyer et al. 2010). This can be assumed to reflect
an adaptation to environments characterized by low resource availability. A
low metabolism and intake is also indicated by a low CO2 production per
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Table 7.3: Data on average CH4 production of camelids and ruminants obtained
by respiration measurements sorted by animal size. SA camelids stands for South
American camelids
Group Mean BM (SD); n Mean CH4 production (SD); n
kg L d-1 kg BM-1 L kg DMI-1 % DEI L kg dNDFI-1
All Camelids 259(±260);18 0.32(±0.11);18 20.1(±4.4);18 8.0(±2.3);17 92.7(±33.9);17
Ruminants 161(±211);48 0.58(±0.16);48 28.1(±6.0);34 11.7(±2.8);23 86.2(±12.1);10
Small SA camelids 106(±46);13 0.35(±0.10);13 21.2(±4.6);13 8.3(±2.6);12 97.4(±39.1);12
Sheep & goats 53(±22);37 0.55(±0.17);37 26.4(±5.1);24 11.6(±2.4);17 86.8(±11.5);6
Large Bactrian camels 658(±72);5 0.23(±0.05);5 17.4(±2.5);5 7.3(±1.1);5 81.5(±12.7);5
Cattle 525(±140);11 0.66(±0.10);11 32.0(±6.6);10 12.0(±4.2);6 85.3(±14.9);4
Note that sample size corresponds to the number of individuals used for measurements in the present study but to means
from different publications for ruminants. Data sources are Table 7.2 for the present study and in Table S6 (Supplementary
material) for literature data. BM body mass, DMI dry matter intake, DEI digestible energy intake, dNDFI digestible
neutral detergent fiber intake.
unit of BM. Therefore a similar CH4:CO2 ratio can be expected in camelids
and ruminants, which was actually the case. Levels reported for ruminants
are ranging between 0.050 and 0.096 (Sauer et al. 1998; Madsen et al. 2010;
Lassen et al. 2012; Hellwing et al. 2013) compared to the average of 0.082
found in the camelids of the present study.
7.5.3 Implications of the findings of low methane emis-
sions by camelids
Methane production estimates for camelids, derived from an often–used equa-
tion developed for ruminants based on nutrient composition of the diet
(Kirchgessner et al. 1991), were more than twice as high as the actually
measured methane amounts. Therefore, this and similar equations do not
seem appropriate to predict CH4 emissions of camelids. Even conventional
estimates based on the IPCC (IPCC 2006) default equation based on Ym
(the ratio of CH4 energy to GE intake) are often applied incorrectly be-
cause the proportionately lower GE intake as a consequence of the camelids’
lower food intake is not considered. This is important when calculating GHG
budgets for countries that harbor large populations of camelids, such as in
northeastern Africa, South America (FAO 2013) or Australia (Saalfeld and
Edwards 2010). In general, equations developed for livestock to estimate
CH4 emissions from any non–domestic species have to be applied carefully
and assessments should rather rely on specific measurements.
Numerous approaches have recently been considered to reduce the contri-
bution of enteric CH4 from livestock to the greenhouse effect. Among others,
the mitigation of emissions from introduced feral one–humped camels has
been discussed in Australia, a country that harbors the fifth largest popula-
tion of dromedaries in the world (Zeng and McGregor 2008). The increasing
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negative impacts of these non–endemic animals on the Australian ecosys-
tem initiated the search for appropriate management solutions (Coventry et
al. 2010; McGregor and Edwards 2010). Statements that camels emit large
amounts of CH4 and thereby intensively contribute to the GH effect (North-
west Carbon Pty Ltd 2011) promoted calls for large–scale culling of these
animals. However, the assumptions made concerning methane emission from
the camels were based on estimates following the IPCC guidelines for national
GHG inventories (IPCC 2006), with their limited applicability for camelids.
While there is little doubt that the culling of any herbivore will reduce GHG
emissions, the quantity of that reduction must be balanced against the costs
of the culling. Our data suggest that a 570 kg dromedary emits approxi-
mately 131 L CH4 d-1, i.e. less than half as much as cattle of a similar size
(approx. 357 L d-1). This corresponds to an annual amount of 36 kg CH4 per
camel, which is clearly below the 46 kg assumed by Gibbs and Johnson 1994
for a camel of the same weight and the 58 kg assumed by Crutzen et al. 1986.
In total, Australia harbors 28.4 million cattle, 75.7 million sheep (Australian
Bureau of Statistics 2013) and 1 million feral dromedaries (Saalfeld and Ed-
wards 2010). This is equivalent to an estimated annual amount of 4’500
billion L CH4 emissions from the domestic ruminants and only 48 billion L
produced by the dromedary population. Culling of all feral camels would
thus have a similar effect as reducing the livestock ruminant population by 1
to 2%. However, other detrimental impacts caused by the feral camels on the
Australian environment underline the continued importance of management
strategies.
7.5.4 Conclusions
Methane emission was measured from three camelid species, including, for
the first time, Bactrian camels. Our findings indicate that, in absolute values,
camelids produce clearly less CH4 than ruminants, and that this difference
is most likely due to the generally reduced metabolism, food and (digestible)
fiber intake of this group. Therefore, when calculating GHG budgets, equa-
tions developed for ruminants are not applicable for the estimation of CH4
emissions from camelids.
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8.1 Abstract
The mean retention times (MRT) of solute or particles in the gastrointesti-
nal tract and the fore–stomach (FS) are crucial determinants of digestive
physiology in herbivores. Besides ruminants, camelids are the only herbi-
vores that have evolved rumination as an obligatory physiological process
consisting of repeated mastication of large food particles, which requires a
particle sorting mechanism in the FS. Differences between camelids and rumi-
nants have hardly been investigated so far. In this study we measured MRTs
of solute and differently sized particles (2, 10, and 20 mm) and the ratio of
large–to–small particle MRT, i.e. the selectivity factors (SF10/2mm, SF20/2mm,
SF20/10mm), in three camelid species: alpacas (Vicugna pacos), llamas (Llama
glama), and Bactrian camels (Camelus bactrianus). The camelid data were
compared with literature data from ruminants and non–ruminant foregut
fermenters (NRFF). Camelids and ruminants both had higher SF10/2mmFS
than NRFF, suggesting convergence in the function of the FS sorting mecha-
nism in contrast to NRFF, in which such a sorting mechanism is absent. The
SF20/10mmFS did not differ between ruminants and camelids, indicating that
there is a particle size threshold of about 1 cm in both suborders above which
particle retention is not increased. Camelids did not differ from ruminants in
MRT2mmFS, MRTsoluteFS, and the ratio MRT2mmFS/MRTsoluteFS, but they
were more similar to ‘cattle–’ than to ‘moose–type’ ruminants. Camelids
had higher SF10/2mmFS and higher SF20/2mmFS than ruminants, indicating a
potentially slower particle sorting in camelids than in ruminants, with larger
particles being retained longer in relation to small particles.
8.2 Introduction
The digestive strategy of non–ruminant foregut fermenters has historically
been considered ‘ruminant–like’ (e.g., Moir et al. 1954; Bauchop and Mar-
tucci 1968), but the process of rumination clearly sets ruminants apart from
non–ruminant foregut fermenters (Fritz et al. 2009; Schwarm et al. 2009a;
Clauss et al. 2010). True rumination has evolved in only two artiodactyl
lineages, the ruminants and the camelids, while sporadic regurgitation and
repeated mastication of stomach contents (merycism) have been reported in
a variety of mammals such as koala (Phascolarctos cinereus) (Logan 2001,
2003), macropods (Moir et al. 1956; Mollison 1960; Barker et al. 1963;
Hendrichs 1965), hyrax (Procavia capensis) (Hendrichs 1965), capybara (Hy-
drochoerus hydrochaeris) (Lord 1994), and proboscis monkeys (Nasalis larva-
tus) (Matsuda et al. 2011, 2014). In contrast to merycism, rumination is an
165
obligatory, regular behavioural and physiological process (Gordon 1968) that
is characterised not only by ‘repeated mastication’ but also by a density–
dependent sorting mechanism in the fore–stomach (FS) of ruminants and
camelids (Lechner–Doll et al. 1991). This mechanism is absent in non–
ruminant foregut fermenters (Schwarm et al. 2008, 2009b, 2013). In ru-
minants and camelids, this mechanism ensures that only those particles are
ruminated that require further comminution.
rumen
omasum
abomasum
reticulum
C
2
C3
C1 caudal
C1 
cranial
hindstomach
A) B)
Figure 8.1: Schematic comparison of the morphology of the fore–stomach complex
(viewed from its left side, with parts that cannot be viewed from the left displaced un-
derneath) in A) ruminants and B) camelids (Lechner–Doll et al. 1995). The ruminant
fore–stomach consists of the rumen (with various sub–compartments), the reticulum, the
omasum and the abomasum. The reticulum and omasum are linked by the reticulo–omasal
orifice. The camelid fore–stomach consists of the first compartment (C1, with a cranial
and a caudal sub–compartment and typical ‘glandular sacs’), the second compartment
(C2, also sometimes referred to as the ‘reticulum’, also containing ‘glandular sacs’) and
a third compartment (C3, consisting of a cranial part and a caudal ‘hindstomach’). The
C2 and the C3 are linked by a small tubular canal. White surfaces represent a stratified
epithelium (in the case of ruminants, with papillae in the rumen and the typical honey-
comb cells in the reticulum), dotted areas represent cardiac glands (covering the ‘glandular
sacs’ and the cranial portion of C3), and striped areas represent acid–secreting glandular
stomach epithelium.
While camelids and ruminants both ruminate, several differences set these
groups apart: different chewing motions during rumination (Hendrichs 1965),
the different design of the FS (Langer 1988) (Fig. 8.1), and different FS motil-
ity patterns (Heller et al. 1984, 1986a). More generally, camelids have a lower
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metabolic rate (measured, e.g., via oxygen consumption) and a lower food
intake than ruminants of comparable body size (Dittmann et al. 2014). The
latter aspect might be related to the longer digesta retention times found in
camelids (Heller et al. 1986b). In ruminants, the reticulo–omasal orifice rep-
resents a clear demarcation line before which particle sorting takes place in
the reticulum, and beyond which only small particles are found (Clauss et al.
2009a, b). In camelids, particle sorting takes place in compartment C2 that
is sometimes also referred to as a ‘reticulum’ (Langer 1988). The connection
between the C2 (‘reticulum’) and the C3 (the ‘gastric tube’) is not an orifice
but a short tubular canal (Vallenas et al. 1971; Langer 1988). Potentially,
this canal does not represent as clear a point of demarcation as the reticulo–
omasal orifice in ruminants, because large particles have been found beyond
this point in the proximal part of the third compartment (Lechner–Doll and
von Engelhardt 1989). These large particles are presumably transported
backwards into the C2. Hence, it has been suggested that the sorting mech-
anism in the FS of camelids is less efficient than in ruminants and that the
emptying of the FS is too slow to allow similarly high relative food intakes as
those observed in some ruminant species (Clauss et al. 2010). The retention
of solute as well as small and large particle markers has been investigated
in camelids (Heller et al. 1986b, c; Lechner–Doll et al. 1990; Cahill and
McBride 1995; von Engelhardt et al. 2006b), and a sorting mechanism in
the FS, as reflected by longer retention of larger as compared with smaller
particles, has been demonstrated (Heller et al. 1986b, c; Lechner–Doll et
al. 1990). So far, comparative studies of retention times in ruminants and
camelids are lacking. In ruminants, marked differences between species oc-
cur with respect to the retention of solute and particle markers (Dittmann
et al. 2015). The efficacy of the ruminant sorting mechanism, however, is
not affected by such species differences (Lechner et al. 2010). Furthermore,
while the sorting mechanism of ruminants differentiates between small (<2
mm) and larger (10 mm) particles, it does not further differentiate between
large particle–size classes (10 vs 20 mm) (Schwarm et al. 2009c; Lechner et
al. 2010). To our knowledge, it has not yet been investigated whether the
sorting mechanism in the FS of camelids is not only qualitatively, but also
quantitatively similar to that in ruminants.
The aim of this study was to assess the retention patterns of solutes
and differently sized particles in three camelid species, to compare retention
times and the sorting mechanism within camelids, and with ruminants and
non–ruminant foregut fermenters.
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8.3 Material and methods
8.3.1 Animals and husbandry
The measurements were approved by the Cantonal Veterinary Office Zürich
and took place under the Swiss Cantonal Animal Experiment Licence no.
142/2011 in the framework of a comprehensive experiment using respiration
chambers to determine metabolic rates (Dittmann et al. 2014) and methane
production (Chapter 7) in three camelid species. All experimental animals
were adult and included representatives of Bactrian camels (Camelus bac-
trianus, n = 5) and llamas (Lama glama, n = 6) kept on a private farm in
Switzerland, and alpacas (Vicugna pacos, n = 5) kept at Zoo Zürich. Prior
to the experiment the animals were acclimated to a diet consisting of lucerne
hay provided ad libitum and a limited amount of lucerne pellets (for a detailed
nutrient analysis of diets, see Dittmann et al. 2014). The pellets eventually
made up 53, 33, and 21% of total dry matter intake (DMI) in alpacas, lla-
mas and Bactrian camels, respectively. In order to ensure comparable ad
libitum intakes in all species, alpacas received a higher proportion of pellets
because the voluntary daily intake of lucerne hay (per unit metabolic body
mass) was comparably low in this species. All animals were weighed prior
to the experiment. During the experiment, the animals were kept individ-
ually on the same diet in separate adjacent indoor pens that allowed visual
and acoustic contact. Food intake was determined by weighing diet items
offered and the corresponding refusals several times per day for 6–7 days.
Representative samples of food and refusals were taken and dried at 60 ◦C.
Dry matter (DM) content was analysed by drying at 103 ◦C following AOAC
no. 942.05 (AOAC 1997). Pens were cleaned on daily basis and animals had
unrestricted access to water.
8.3.2 Determination of solute and particle retention times
The principle of mean retention time (MRT) measurement is the applica-
tion (typically as a single pulse–dose) of a non–absorbable marker, the ex-
cretion of which over time is then detected by analyzing fecal samples for
the marker concentration (Warner 1981). To measure MRT of particles and
fluid, four markers from the same batch as those used by Lechner et al.
(2010) were fed, which are considered representative of four different digesta
components: three different sized particle markers based on fibre from grass
hay mordanted with Chromium (Cr; <2 mm), Cerium (Ce; approx. 10 mm),
Lanthanum (La; approx. 20 mm), and Cobalt ethylene diaminetetracetic
acid (Co–EDTA; soluble in water). Markers were prepared according to
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Udén et al. (1980) and Schwarm et al. (2008, 2009c). Bactrian camels and
llamas received all four markers, while alpacas received only Cr– and Ce–
mordanted fibres and Co–EDTA; based on our observations of the feeding
behavior of the latter species, we expected reluctance of marker ingestion if
too much marker material would have been offered. Prior to the administra-
tion of the markers, three fecal samples were collected to determine baseline
marker concentrations in each animal. Individuals were then fed the particle
markers at 0.1 g kg-1 body mass (BM) each and Co–EDTA at 0.01 g kg-1
BM dissolved in water. Markers were fed in mixture with a small amount of
lucerne pellets and were consumed within approximately 30 min. The time
when the animals had completely ingested the markers was considered 0 h,
after which feces of llamas and Bactrian camels were sampled every 4 h for
the first 60–84 h after marker application and every 6 h for the remaining
time of the 7 days. Feces of alpacas were sampled every 4 h for the first 2
days after marker application, every 6 h on day 3, every 8 h on day 4, and
every 12 h on days 5, 6, and 7. Due to differences in facilities and husbandry
between species, the sampling protocol differed between species. However,
the method used for calculating retention times was independent of sampling
intervals, as demonstrated by Van Weyenberg et al. (2006). All samples were
immediately oven–dried at 60 ◦C and later ground to 0.75 mm. Marker anal-
ysis was performed in a similar way as in previous studies (Frei et al. 2015).
For wet ashing we heated samples with 4 ml nitric acid (HNO3) and 2 ml
hydrogen peroxide with the microwave MLS ‘START 1500’ (MLS GmbH,
Leutkich, Germany). Temperature was increased over 15 min to 170 ◦C, and
over 20 min to 200 ◦C, and then held at 200 ◦C for 5 min. The wave–length
was 12.25 cm and the frequency 2.45 GHz. Determination of Co, Cr, Ce,
and La in the sample digests was performed using an inductively coupled
plasma optical emission spectrometer (model Optima 8000, Perkin Elmer,
Rodgau, Germany). Sample introduction was carried out using a peristaltic
pump connected to a Meinhard nebulizer with a cyclon spray chamber. The
measured spectral element lines were: Co: 228.616 nm; Cr: 267.716; Ce:
413.764 nm; La: 398.852 nm. The RF power was set to 1400 W, the plasma
gas was 8 L argon min-1, whereas the nebulizer gas was 0.6 L argon min-1.
Values were corrected for the individual baseline concentrations prior to the
marker application. To avoid an artificial increase in MRT by infinite excre-
tion curves due to variation in baseline concentrations, values below 1% of
the maximum concentration of a marker in the excretion curve were set to
zero (adapted from Bruining and Bosch 1992).
We estimated MRT in the gastrointestinal tract (GIT) by an algebraic
equation, and the MRT of the solute marker in the fore–stomach using the
descending part of the marker excretion curve, following published proce-
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dures. MRT GIT was calculated according to Thielemans et al. (1978) as
MRT GIT =
∑
ti × dt × ci∑
dt × ci
where ti is a time after marker application in h determined as the midpoint
between two sampling intervals, dt is time interval represented by the marker
concentration calculated as ((ti+1− ti) + (ti− ti−1))/2, and ci is fecal marker
concentration at ti in mg kg-1 DM. In contrast to equations that calculate
MRT GIT without considering the time interval dt (Blaxter et al. 1956;
Warner 1981), this equation has the advantage that the sampling frequency
has no influence on the calculated MRT result (Van Weyenberg et al. 2006).
The mean retention time of the solute marker in the FS (MRTsoluteFS)
was calculated by estimating the rate constant of the descending part of the
marker excretion curve using an exponential equation according to Lechner–
Doll et al. (1990) as
y = A × e−k × t,
where y is fecal marker concentration at time t in mg kg-1 DM, A is constant,
k is the rate constant of the descending part of the excretion curve in h-1, and
t is time after marker application in h. According to Hungate (1966), the
reciprocal value of k represents the MRT within the compartment character-
ized by k. This approach, therefore, assumes that the fore–stomach is the
major mixing compartment in the camelid GIT. Based on the assumption
that fluid and particles do not differ in passage characteristics distal to the FS
(empirically confirmed in ruminants by Grovum and Williams 1973; Kaske
and Groth 1997; Mambrini and Peyraud 1997), MRTparticleFS is calculated as
MRTparticleFS = MRTparticleGIT – (MRTsoluteGIT – MRTsoluteFS).
The selectivity factor (SF) is defined as the ratio of two MRTs, either particle
to solute or large to small particles. It was calculated for both total GIT and
the FS, and for the small particle marker MRTs to solute MRT (Cr:Co,), and
for larger to smaller particle MRTs (Ce:Cr, La:Cr, La:Ce).
8.3.3 Comparative literature
Data on the retention of comparable passage markers obtained in various
camelids, ruminants, and non–ruminant foregut fermenters (NRFF) were
collected from the literature. Data on ruminant MRT2mm and MRTsolute are
the same as provided in the Supplementary Table of Dittmann et al. (2015).
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Data sources of 10 and 20 mm particle markers from ruminants, camelids, and
NRFF are presented in Table 8.1. For the dataset on MRT2mm and MRTsolute
we classified the ruminant species as ‘cattle–’ or ‘moose–type’, based on their
SF2mm/soluteFS because ‘cattle–type’ ruminants are defined as having com-
paratively shorter solute retention times in the reticulo–rumen, and thereby
higher SF2mm/soluteFS values, than ‘moose–type’ ruminants (Clauss et al.
2010).
For NRFF, no data were available for large (20 mm) particle markers.
Because data were available from many different species for the solute and
small particle (2 mm) markers, the data incorporated in analyses with respect
to these to markers were averaged per species. Species means for all measures
were first calculated as an average per source and then as mean of all source
averages. In total, we collated data from 32 ruminant species (consisting of
13 ‘moose’ and 19 ‘cattle–type’ species), four camelid species, and seven non–
ruminant foregut fermenter species. For the datasets including 10 and 20 mm
particle markers, fewer measurements were available and, therefore, analyses
were performed with data from individual animals, not species means, and
without PGLS analyses (see below).
8.3.4 Statistical evaluation
The relative dry matter intake (rDMI) was calculated using an exponent
of BM0.85, following Müller et al. (2013). This approach was supported by
the data obtained from the camelids investigated in this study, in which DMI
scaled at BM0.85 (95%CI: 0.75; 0.94). Data from species investigated in the present
study were tested for normal distribution by applying a Shapiro–Wilk test,
based on which we used ANOVAs for comparison of retention times between
and within species, followed by pairwise Tukey HSD post hoc tests. Data
from Bactrian camels were compared with literature data from dromedaries
(Lechner–Doll et al. 1990), by applying unpaired two tailed t–tests. All
statistical tests were carried out in R (R Development Core Team 2012)
using the packages ape (Paradis et al. 2004), caper (Orme et al. 2010), and
nlme (Pinheiro et al. 2011).
Correlations including data from species investigated in the present study
and literature data from other herbivores were investigated by applying gen-
eral least squares (GLS) models with MRT, SF or DMI as dependent vari-
able and BM or rDMI as independent variables. In the GLS, herbivore type
(camelid, ruminant (either as such or separated into ‘moose–’ and ‘cattle–
type’) or NRFF) was added as a cofactor. For each model, we tested the
interaction between the independent variable and the cofactor. This inter-
action was removed from the model when not significant. Additionally, to
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investigate differences in relationships between large and small particle mark-
ers between herbivore types, we applied GLS with large particle markers as
dependent and small particle markers as independent variables, and with
herbivore type as a cofactor (and interactions of the latter two). The re-
spective SFs were tested for differences between herbivore types by applying
ANOVA or Kruskal–Wallis tests, followed by Tukey HSD post hoc tests or
non–parametric pair–wise tests as means for multiple comparisons (R func-
tion kruskalmc).
Species cannot be considered independent units, as they share an evolu-
tionary history which means that similarities between species might only be
an artifact of their ancestry (Felsenstein 1985). This lack of independence vi-
olates basic assumptions of many statistical tests, which is why we accounted
for phylogeny by applying Phylogenetic Generalized Least Squares (PGLS)
analyses. Data were linked to a supertree of extant mammals (Bininda–
Emonds et al. 2007, 2008), for the same models investigated by GLS in the
dataset for MRT2mm for which values of many different species were avail-
able, without the inclusion of herbivore type as a cofactor. The value of
the phylogenetic signal (λ) (Pagel 1999), which can be considered a measure
of the phylogenetic structure in the dataset, was estimated with maximum
likelihood (Revell 2010), using the PGLS command from the package caper
(Orme et al. 2010). Additionally, Akaike’s information criterion (AIC) for
the models was determined using the R function AIC to determine which
model has the better fit. Significance levels were set to α = 0.05, with values
between 0.05 and 0.10 considered as trends.
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Table 8.3: Retention times and selectivity factors of the fore–stomach from the
camelids investigated in this study and from dromedaries (C. dromedarius) inves-
tigated in Lechner–Doll et al. (1990)
Species MRT FS (h) SF FS
Solute 2mm 10mm 20mm 2mm/solute 10/2mm 20/2mm 20/10mm
V. pacos 22±71 38±112 47±113 n.m. 1.74±0.26 1.28±0.22a n.m. n.m.
L. glama 17±31 28±32 47±53 45±4a3 1.71±0.23 1.66±0.15b 1.62±0.12 0.97±0.05
C. bactrianus 19±31 32±52 51±43 51±4b3 1.72±0.29 1.63±0.14b 1.64±0.11 1.01±0.04
C. dromedarius 11±1* 26±3* n.m. 53±7 2.52±0.31* n.m. 2.01±0.30* n.m.
Superscript letters indicate significant differences (P < 0.05) between MRT measures and SF within columns, superscript
numbers indicate differences of MRT within species, asterisks indicate significant differences in the respective value between
C. bactrianus and C. dromedarius, while askterisks in brackets indicate trends
n.m. not measured, MRT mean retention time, FS fore–stomach, SF selectivity factor
8.4 Results
8.4.1 Differences between camelid species
Marker elimination curves for the three species indicated a typical sequence
in marker elimination peaks, with the solute marker being eliminated first,
followed by the small particle marker and then by the two large particle
markers (Fig. 8.2). In the two species (camels and llamas) where three
particle markers had been applied, the MRTs (both in GIT and FS) of the
two large particle markers did not differ from each other (P > 0.99 and P
> 0.79, respectively). All other MRTs, in GIT and FS, differed significantly
between each other within each species (camels: P < 0.001; llamas: P <
0.001; alpacas: P < 0.023) (Tables 8.2 and 8.3).
In general, there were no significant differences in retention times of the
different markers between species; only llamas had shorter MRT20mmGIT and
FS than Bactrian camels (P < 0.036). SF10/2mmGIT and FS were lower in
alpacas than in llamas (P < 0.041) and Bactrian camels (P < 0.011).
Comparing our measurements of the large camelid, the Bactrian camel, to
literature data from dromedaries (Lechner–Doll et al. 1990), revealed longer
MRTs for all markers in the GIT (P = 0.000–0.002), shorter MRTsoluteFS (P
= 0.002) and a trend towards shorter MRT2mmFS (P = 0.071) in dromedaries
(Tables 8.2 and 8.3). Only MRT20mmFS did not differ between the two species
(P = 0.62). The SFs in the GIT were similar in the two camel species
(SF2mm/soluteGIT: P = 0.73; SF20/2mmGIT: P = 0.99), whereas SF2mm/soluteFS
and SF20/2mmFS were each higher in dromedaries than in Bactrian camels
(both P < 0.001).
175
1 10 100 1000
Body mass (kg)
1 10 100 1000
10
100
M
R
T
2
m
m
G
IT
(h
)
Figure 8.3: Relationships of (left) the mean retention time of 2 mm particles in the
gastrointestinal tract (MRT2mmGIT) and (right) the mean retention time of solutes in the
gastrointestinal tract (MRTsoluteGIT) with body mass (BM) in ruminants and camelids.
Dots represent species means. ‘Moose–type’ ruminatnts in grey, ‘cattle–type’ ruminants
in white and camelids in black.
8.4.2 Comparisons with literature data from ruminants:
absolute MRTs
When relating combined data from ruminants and camelids on MRT2mm
and MRTsolute, both for GIT and FS, to body mass, there were no signif-
icant interactions (P > 0.37) between herbivore type and BM. There were
no significant differences (P = 0.10–0.94) between camelids and ruminants,
or between camelids, ‘cattle–’ and ‘moosetype’ ruminants in these models.
Camelid values were within the range reported for ruminants (Fig. 8.3).
MRT2mmGIT and FS, and MRTsoluteGIT were related to BM in GLS (P
< 0.035; scaling exponents BM0.07–0.12 (0.03; 0.20)) and PGLS analyses (P <
0.001, λ = 0.00; scaling exponents BM0.08–0.12 (0.04; 0.19)). MRTsoluteFS was
not related to BM in GLS (P = 0.18) and tended towards significance in
PGLS with a strong phylogenetic structure (P = 0.08; λ = 0.92; scaling ex-
ponent BM0.09 (-0.01; 0.18)), indicating that closely related species have similar
MRTsoluteFS values, independent of their BM.
8.4.3 Comparison with literature data from ruminants:
‘digesta washing’ in the fore–stomach
The SF2mm/soluteFS differed between ruminants and camelids (χ2 = 125; P <
0.001) with significantly lower values in ‘moose–type’ ruminants as compared
176
with ‘cattle–type’ ruminants and camelids (P < 0.001) and a trend towards
camelids being lower than ‘cattle–type’ ruminants (P = 0.084) (Fig. 8.4a).
Correspondingly, a GLM with MRT2mmFS as independent and MRTsoluteFS
as dependent variable revealed significant influence of herbivore type (P <
0.001), with ‘moose–type’ ruminants having higher MRTsoluteFS than ‘cattle–
type’ or camelids at a given MRT2mmFS (Table 8.3; Fig. 8.4b). In a PGLS
model with the same variables but without herbivore type as cofactor, there
was a significant phylogenetic structure in the dataset (λ = 0.781), indicat-
ing similar values among closely related species. The fit of the GLS model
with herbivore types was better than the PGLS model (AIC: –8.0 vs 11.2).
Note that the camelids do not achieve the very high SF2mm/soluteFS or short
MRTsoluteFS of cattle or muskoxen (Ovibos moschatus) (Lechner et al. 2010).
*
*
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Figure 8.4: left: Comparison of the SF2mm/soluteFS between species means from
camelids and ruminats (‘cattle–’or ‘moose–type’). Boxplots indicate median, upper and
lower quartile, as well as maximum and minimum values, dots indicate outliers and as-
terisks represent significant differences between herbivore types (P < 0.05). right: Rela-
tionship between MRTsoluteFS and MRT2mmFS in ruminants and camelids; dots represent
species means; the dashed line represents equality of the two measures, i.e. an SF of 1).
‘Moose–type’ ruminatnts in grey, ‘cattle–type’ ruminants in white and camelids in black.
8.4.4 Comparisons with literature data from ruminants
and non–ruminant foregut fermenters: sorting mech-
anism
The SF10/2mmGIT and FS differed between ruminants, camelids, and NRFF
(χ2 = 52.9/52.8; P < 0.001) with significantly lower values (close to equality)
in NRFF as compared with ruminants and camelids (P < 0.001) and lower
values in ruminants compared with camelids (GIT: P = 0.048; FS: P = 0.029;
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Figure 8.5: left: Comparison of individual data of the SF10/2mmFS between camelids
(Cam; black), Ruminants (Rum; grey) and non–ruminant foregut fermenters (NRFF;
open squares). right: Relationship between MRT10mmFS and MRT2mmFS in the same
herbivores; dots represent measurements of individuals; the dashed line represents equality
of the two measures, i.e. an SF of 1
Fig. 8.5a). In a GLM with MRT2mmFS as independent and MRT10mmFS as
dependent variable, there was a significant interaction with herbivore type,
irrespective of whether NRFF were included in the analyses (P < 0.001) or
not (P = 0.03) (Table 8.4). While the significant interaction does not allow
interpreting the exclusive effect of herbivore type in this relationship, the
data analysis confirms that there is no particle sorting in NRFF and that
camelids are generally within the higher range of ruminants (Fig. 8.5b).
More data could be included in the comparison of SF20/2mmFS between
herbivore types than for SF10/2mmFS (n = 102 vs 85 datapoints), but no
data from NRFF were available for SF20/2mmFS. The SF20/2mmFS was lower
in ruminants than in camelids (T = 4.5; P < 0.001; Fig. 8.6a). Again,
in a GLS with MRT2mmFS as independent and MRT20mmFS as dependent
variable, there was a significant interaction with herbivore type (P = 0.001).
The data indicate that camelids are generally within the higher range of
ruminants in this relationship (Fig. 8.6b).
In contrast, the SF20/10mmGIT and FS did not differ between ruminants
and camelids (W = 178/177; P = 0.49/0.47) and was close to equality (Fig.
8.7a). Also, in a GLS with MRT20mmFS as independent and MRT10mmFS as
dependent variable, there was no difference between camelids and ruminants
(P = 0.63) (Fig. 8.7b).
In GLS models with SF10/2mmFS or SF20/2mmFS as independent vari-
able and rDMI as dependent variable, the latter was not significant (P >
178
0.10), while there was again a significant difference between ruminants and
camelids (P < 0.001), indicating generally higher values in camelids com-
pared with ruminants, independent of food intake. Applying the same model
for SF20/10mmFS revealed again no influence of rDMI (P = 0.22), but no
difference between ruminants and camelids (P = 0.67). There were no sig-
nificant interactions between rDMI and herbivore type in these models (P >
0.11). Note that the ranges of rDMI were overlapping for camelids and ru-
minants, but the range of rDMI data of the camelids were less broad (27–44
g kg BM-0.85 d-1) than the range of rDMI values from rumiants (8–107 g kg
BM-0.85 d-1).
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Figure 8.6: left: Comparison of individual data of the SF20/2mmFS between camelids
(Cam; black) and ruminants (Rum; grey). right: Relationship between MRT20mmFS and
MRT2mmFS in ruminants and camelids; dots represent measurements of individuals; the
dashed line represents equality of the two measures, i.e. an SF of 1
8.5 Discussion
8.5.1 Differences between camelid species
In general, the absolute MRTs obtained from the camelids investigated in the
present study do not confirm the particularly long retention times measured
in other studies. For example, in Bactrian camels the MRTs measured in the
GIT by Cahill and McBride (1995) were 50–80% longer than the ones mea-
sured in the present study (MRTsoluteGIT: 50 vs 34 h; MRT2mmGIT: 85 vs
47 h). In the llamas, MRTsoluteGIT and MRT2mmGIT data from Heller et al.
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Figure 8.7: left: Comparison of individual data of the SF20/10mmFS between camelids
(Cam; black) and ruminants (Rum; grey). right: Relationship between MRT20mmFS and
MRT10mmFS in ruminants and camelids; dots represent measurements of individuals; the
dashed line represents equality of the two measures, i.e. an SF of 1
(1986) exceeded the ones measured in the present study by approximately
30%. These differences might well be explained by differences in the food
intake level, as described for Bactrian camels by Cahill and McBride (1995),
which influence MRT within and across species (Müller et al. 2013; Clauss et
al. 2014). Therefore, measurements of retention time should ideally always
be accompanied by assessments of intake, and conclusions made from com-
parisons of absolute MRTs must account for the effect of food intake (Levey
and Martínez del Rio 1999).
It would have been preferable to also include dromedaries into the exper-
iment and feed them the same lucerne–based diet, but this was not possible
due to a lack of available animals. No data on food intake or MRT10mm
were available for dromedaries in the literature, which is why dromedaries
could not be included in the statistical comparisons between herbivores with
respect to this marker. Generally, dromedary data from Lechner–Doll et
al. (1990) indicated longer retention times in the GIT compared with Bac-
trian camels. Dromedaries had relatively short MRTsoluteFS of 11±1 h com-
pared with 19±3 h in Bactrian camels and also shorter MRTsoluteFS than
the smaller species investigated in this study. MRTparticleFS were similar
in dromedaries when compared with the camelids investigated in this study,
which resulted in comparably higher SF values in the FS of dromedaries (also
documented by Heller et al. 1986a). Other measurements reported for tulus
(hybrids of C. bactrianus and C. dromedarius) under hydrated conditions in-
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dicated short MRTsoluteFS of 12 h (von Engelhardt et al. 2006b), similar to
the MRTsoluteFS in the dromedaries. Contrasting to the short MRTsoluteFS
found in the camelids, long MRTsoluteFS in ruminants have been interpreted
as a consequence of a proportionately large FS that serves as a water storage
organ (Silanikove 1994; Hummel et al. 2008). Dromedaries, with a com-
paratively smaller proportionate FS volume than ruminants (Lechner–Doll
et al. 1990), apparently do not use the FS to the same extent as a water
reservoir. Actually, even after severe dehydration and a sudden rehydration,
the camelid FS does not maintain an enlarged volume for more than 1 day
(von Engelhardt et al. 2006b). Therefore, the camelids’ adaptation to water
shortage appears to consist in their ability to rapidly ingest large amounts
of water when it is available, and to absorb this water quickly into the body,
rather than retain it in the FS (von Engelhardt et al. 2006b), as for exam-
ple observed in the desert–adapted addax antelope (Addax nasomaculatus)
(Hummel et al. 2008).
8.5.2 Comparing digesta washing between camelids and
ruminants
Digesta washing can be described by the difference between the MRTparticle
and the MRTsolute, expressed as the ratio of the two measures, the SF. In
the case of high ratios, a faster–moving fluid phase washes through a slower–
moving particulate digesta phase, thereby removing solutes and very fine
particles, including microbes, from this plug (Lentle et al. 2006; Müller et
al. 2011). This process is not restricted to ruminants as it can also be
found in some NRFF and other digestion types (Müller et al. 2011). Within
ruminants, species differ in rumen fluid throughput and the degree of digesta
washing (Clauss and Lechner–Doll 2001; Clauss et al. 2006; Dittmann et al.
2015; Hummel et al. 2015), which led to the classification of ‘cattle-’ and
‘moose–type’ ruminants. Therefore, the finding that ‘cattle-’ and ‘moose–
type’ ruminants differ significantly in the SF2mm/soluteFS (Fig. 8.4a) is no
surprise because the measure is actually used for the classification. Therefore,
it appears that camelids in general have evolved a ‘cattle–type’ strategy,
although guanacos (Lama guanicoe) and vicuñas (Vicugna vicugna) have
not yet been subjected to digesta retention measurements.
The proposed major advantage of the ‘cattle–type’ strategy is an in-
creased harvest of microbes from the FS, leading to a higher general yield of
microbial protein, and selection for a fast–growing and particularly efficient
microbial community in the FS (Clauss et al. 2010; Dittmann et al. 2015;
Hummel et al. 2015). Due to this higher microbial yield, the ‘cattle–type’
182
strategy might be particularly suitable for camelids with their greater abil-
ity to recycle urea as compared with domestic ruminants (Hinderer and von
Engelhardt 1975; von Engelhardt and Schneider 1977). The ‘moose–type’
strategy has been linked with browse feeding and salivary defences against
tannins (Hofmann et al. 2008; Codron and Clauss 2010). Because browse
often represents the main component of the diet of free–ranging dromedaries
(reviewed in Iqbal and Khan 2001), the ‘cattle–type’ dromedaries must have
evolved alternative strategies to deal with tannins that are not related to
saliva viscosity.
Considering only ruminants, the ‘moose–type’ strategy is prominent in
basal groups such as the tragulids or giraffids (Clauss and Lechner–Doll 2001;
Hummel et al. 2005; Darlis et al. 2012) and could, therefore, appear as
the basal physiological strategy of the ruminant suborder. However, the
high SF2mm/soluteFS in the more distantly related camelids could allow the
interpretation that a higher degree of digesta washing as in ‘cattle–type’
ruminants represents the basal situation, and that the ‘moose–type’ strategy
may be a more derived state. Although some evidence matches the latter
hypothesis, e.g., the observation of the ‘moose–type’ strategy in the subfamily
of the Cephalophines (Clauss et al. 2011) or in dikdik (Madoqua spp.) (Hebel
et al. 2011), which are considered derived ecomorphs (Bärmann 2014), more
measurements in a larger number of species are required to confirm this
concept.
8.5.3 Comparing particle sorting in camelids, ruminants,
and non-ruminant foregutfermenters
The sorting of large vs small particles is crucial for the process of rumination,
as it ensures that only those particles that can be efficiently further reduced
in size are subjected to repeated mastication (Lauper et al. 2013). However,
the actual sorting is rather based on particle density than on particle size
(Baumont and Deswysen 1991; Lechner–Doll et al. 1991), because larger
particles typically have a lower functional density and hence a propensity to
float in a liquid medium (Sutherland 1988; Clauss et al. 2009b). In the FS
of ruminants, there is a clear distinction between the reticulo–rumen on the
one hand, where particles of all sizes occur, and the omasum on the other
hand, where only small particles are present (Clauss et al. 2009a, b). This
means that the orifice between the reticulum and the omasum is a point of
demarcation. In the FS of the camelids, however, this separation is some-
what less distinct. Although there is also a clear difference in particle sizes
present between compartments C1/C2 (corresponding to the reticulorumen)
183
and the distal part of C3/hindstomach (corresponding to the abomasum),
there apparently is a more gradual transition within the proximal part of
the C3 compartment, where not as many large particles as in C1/C2, but
still more than those in the distal C3, are present (Lechner–Doll and von
Engelhardt 1989). This suggests that the orifice between C2 and C3, al-
though similar in its width to that of the orifice between the reticulum and
omasum in ruminants (Langer 1988), may not represent an absolute demar-
cation point in camelids. The similar, comparatively low fecal particle sizes
in ruminants and camelids (Fritz et al. 2009) leads to the assumption that
the large particles in C3 must be transferred back to the more proximal parts
of the FS to be ruminated and thereby eventually reduced in size.
Comparing the findings on the retention of different–sized particles in
camelids with those from ruminants reveals several similarities. The marker
excretion curves recorded in the present study are generally similar to those
found in ruminants (compare for example, our camelid Fig. 8.2 to the ex-
cretion curves shown in Schwarm et al. 2008 or Lechner et al. 2010). As
previously found in ruminants, camelids also do not discriminate between
particles of 10 or 20 mm. In ruminants this pattern is independent of whether
the markers are fed directly to the animal (Schwarm et al. 2009a) or inserted
into the rumen via fistula (Lechner et al. 2010). In other words, this pat-
tern is not affected by ingestive mastication. Therefore, it appears unlikely
that the lack of discrimination between these sizes is due to the method
of marker application in the present study, i.e. that large particle markers
had been significantly reduced in size by mastication before they reached
the FS. Evidently, within species for which such data are available (llamas,
Bactrian camels, reindeer, muskoxen, moose, and cattle), particle size has no
additional influence on particle retention above a certain threshold of about
1 cm. Whether a similar threshold exists in smaller species remains to be
investigated.
The present comparison of relationships of large to small particle retention
between camelids, ruminants, and NRFF suggests that a sorting mechanism
sets ruminants and camelids apart from other foregut fermenters (Fig. 8.5)
and represents, given the distant relatedness of camelids and ruminants, a
convergent adaptation where the same function is achieved by different mor-
phophysiological designs. This convergence not only manifests in patterns of
MRT (present study), FS motility and chewing activity (Heller et al. 1986a;
von Engelhardt et al. 2006a), but also in particle size reduction (Fritz et
al. 2009) and the high fibre–digestibility when compared with other NRFF
(Hintz et al. 1973; Sponheimer et al. 2003; Clauss et al. 2009a; Steuer et al.
2013).
The results of the present study indicate a quantitative difference in the
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sorting of large vs small particles between herbivore types, with longer 10
mm or 20 mm to 2 mm particle retention in camelids as compared with ru-
minants (and NRFF), evident as higher SF10mm/2mmFS and SF20mm/2mmFS
(Figs. 8.5, 8.6). These higher SF values appear to be caused by a longer
retention of large particles rather than a shorter retention of 2 mm particles.
The difference between ruminants and camelids was not explained by differ-
ences in food intake level and hence might reflect true functional differences
between the morphophysiological designs of the ruminant and the camelid
FS. Whether longer retention of large particles could explain the observation
that, under similar experimental conditions, camelids usually have a lower
food intake than ruminants (Meyer et al. 2010; Dittmann et al. 2014) and
a generally lower level of metabolism (Dittmann et al. 2014) remains specu-
lative. Interpreting the effects of morphophysiological characteristics of the
GIT as constraint for other physiological functions, and ultimately for the
competitiveness and diversity of taxonomic groups, could lead to instructive
narratives (e.g., Janis et al. 1994; Clauss and Rössner 2014). In the case
of camelids, both more functional measurements, such as particle size dis-
tributions in the different FS compartments, and a systematic evaluation of
the fossil record in comparison to ruminants, are necessary to support such
a narrative.
8.5.4 Conclusion
The results of this study indicate a distinct convergence between camelids
and ruminants in terms of the presence of a particle sorting mechanism in
their digestive tracts, as well as in the degree of ‘digesta washing’ between
camelids and ‘cattle–type’ ruminants. They also provide preliminary evi-
dence that the particle sorting mechanism differs in detail between the two
groups. To explore this putative difference, more detailed studies on the
retention mechanism are required.
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General discussion
This doctoral work led to several insights in evolutionary biology, using the
threespine stickleback as a model organism (Östlund–Nilsson et al. 2006).
In particular, I was working with a lake–stream model system (McKinnon
and Rundle 2002), comprising populations from the Lake Constance basin in
Central Europe. I wanted to answer the following main questions: Do we find
divergence in the two life history traits age and size at reproduction between
lake and stream populations and is it paralleled by barriers to gene flow, based
on neutral genetic markers (Chapter 1)? Are the habitat–specific differences
in life history genetically based or phenotypically plastic and what is the
underlying mechanism – different growth rates versus different maturation
size thresholds (Chapter 2)? And finally, does local adaptation exist between
the contrasting habitats and how is it influencing fitness (Chapter 3)?
Life history divergence between lake and stream
populations
My analyses revealed dramatic life history divergence between the two habi-
tats lake and stream, with lake fish reproducing at a greater age and size,
compared to their stream conspecifics. Lake fish exhibited approximately
double the mass and normally reached maturity at the age of two, compared
to an annual life–cycle in stream fish. The pattern was highly consistent
across multiple population pairs. As the analysis of stomach content sug-
gested, different food resources in the two contrasting habitats most likely
promote this life history divergence: Lake fish exhibit a pelagic life–style
during most of the year, exploring zooplankton as food resource. However,
during breeding season, lake fish have to perform a foraging niche shift, now
being constraint on benthic resources on shore. By contrast, stream popula-
tions exclusively exploit benthic resources throughout the year. These differ-
ences in resource use might lead to differential growth trajectories between
habitats, since a benthic–based diet is known to allow faster growth in other
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stickleback systems (Schluter 1995; Taylor et al. 2012). As a by–product,
the great magnitude of body size divergence between lake and stream fish is
expected to influence female choice and male aggressiveness, as described in
other systems (Dufresne et al. 1990; Nagel and Schluter 1998; Ishikawa and
Mori 2000; McKinnon et al. 2004). If so, reproductive isolation would be
increased by hindering gene flow between the lake and the streams.
Population structure in the Lake Constance basin
Pairwise FST values among the four lake population samples did not exceed
0.01, indicating the presence of gene flow among them. Genetic differenti-
ation between the panmictic lake population and the inlet stream samples
were generally modest, but sometimes reached higher values (up to 0.18),
suggesting reduced gene flow between lake and stream populations. Addi-
tionally, the genetic data indicated repeated lake to stream colonization: i.)
highest FST values were found between different stream populations, followed
by lake–stream comparisons and finally between lake samples and ii.) most
of the rare D–loop haplotypes were found in stream populations. Such a
pattern may emerge from random increase of rare lake alleles via drift, when
streams get colonized from the lake.
The microsatellite and D–loop analyses were complemented by adding two
additional populations: a Rhine sample 140 km downwards the lake outlet
and a sample from the Danube rive, north of Lake Constance. As previously
reported (Lucek et al. 2010), Lake Constance stickleback do not originate
from downstream Rhine stickleback. The Lake Constance basin groups to the
Danube watershed instead. All FST values, comparing the Danube sample
to the Lake Constance samples lead to low differentiation values (≤ 0.04)
and the unique D–loop haplotype found in the Danube samples was also the
predominant haplotype in Lake Constance. Whether colonization occurred
via human introduction or a temporary colonization route at the end of
the last ice age may not be answered with this data. However, the second
explanation is more likely. First, mitochondrial marker data in European
perch group to Danube samples and not to the Rhine (Behrmann–Godel
et al. 2004). Second, geological data show that during deglaciation some
10’000 years ago, temporal proglacial lakes existed in front of the Rhine
glacier (Keller and Krayss 2000). These lakes were connected to the Danube
watershed, till further glacial meltdown made draining into the Rhine possible
and Lake Constance was formed.
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Mechanism of life history divergence
The described pattern of life history divergence in age and size may be
achieved with two alternative mechanisms: i.) Lake fish grow faster but
exhibit an increased maturation size threshold compared to stream fish. ii.)
Lake fish grow slower, but exhibit the same maturation size threshold as
stream fish. Either way, large lake fish, breeding at age two and small
stream fish, breeding at age one, are the outcome. With a combination
of three experiments I identified which alternative holds true and whether it
is genetically based or ecology induced.
First, growth trajectories under common garden conditions revealed ge-
netically based differentiation, with lake fish growing slightly faster than
stream fish. Possible explanations are higher rate of food consumption and/or
food conversion (Present and Conover 1992; Silverstein et al. 1999, Jonassen
et al. 2000; Trudel et al. 2001). However, the differences under laboratory
conditions are not able to explain the divergence in the wild, since faster
growth in lake fish would lead to earlier maturation in lake fish, which is
obviously not the case in the wild.
A second common garden experiment found no genetic differences in mat-
uration size thresholds between lake and stream stickleback. All fish are able
to reproduce at smaller size in the lab than breeding stream fish in the wild.
Combining the outcome of both laboratory experiments, I reached the con-
clusion that life history divergence within the Lake Constance basin is largely
due to phenotypic plasticity.
Finally, a long–term field transplant experiment could confirm this view:
Lake fish transplanted into streams were able to reach maturity within one
year at comparable stream fish body size.
Taken together, lake fish do not reach minimum size to switch from so-
matic growth to reproduction within one year, and therefore exhibit an ad-
ditional year of somatic growth, explaining bigger and older lake fish during
breeding season in the lake. However, the specific ontogenetic determinants
and ecological factors generating this life history plasticity cannot be inferred
from these experiments. As discussed above, different food availabilities and
resources are most likely responsible for this life history divergence. First,
planktonic food is inferior when compared to benthic food (Schluter 1995;
Taylor et al. 2012). Second, plankton abundance is high in spring and early
summer (Sommer 1985) and low during the rest of the year. Juvenile lake
fish are thus born into a poor feeding environment and additionally have
to compete against older, bigger and bolder conspecifics from previous age
cohorts. Third, stomach content analysis during wintertime of stream fish
indicated prey abundance throughout the year. Additionally, competitors in
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the streams from older age cohorts are rare, making the stream habitat a
superior feeding habitat (excluding the influences of predation).
Local adaptation in lake and stream stickleback
Genome scan data based on SNP–markers comparing lake and stream popu-
lations, revealed very low overall genetic differentiation. Nevertheless, some
markers expressed moderate to high differentiation between the habitats. I
therefore wanted to test for fitness differences in lake and stream stickle-
back and their hybrids, in a replicated long–term field transplant experi-
ment. Juvenile lab raised stickleback were transferred into field enclosures,
and survival, growth and competition load over time were recorded. The
outcome was highly consistent among the replicates. Stream fish displayed
higher survival than lake fish, with intermediate values found in hybrids.
Unexpectedly, the indirect fitness measurement body mass did not differ
among cross types at the end of the experiment. Lake fish in replicates
with high densities of resident stickleback (immigrants) displayed poorest
survival. Density–dependent selection driven by intraspecific resource com-
petition, which is considered to be an important factor in ecologically–driven
reproductive isolation (Schluter, 2000; Nosil, 2012) might be the reason for
this outcome. However, the differential survival rates directly translate into
pre– and postzygotic reproductive isolation via selection against migrants
and selection against hybrids and is showing strong evidence for local adap-
tation.
Avenues for further research
Two questions remain, which I would like to have answered. First, does
divergence in size influence mate choice and male–male competition in this
system and thereby further increase total reproductive isolation between the
lake and the stream populations? Male size is known to influence repro-
ductive success in this species (Dufresne et al. 1990; Nagel and Schluter
1998; Ishikawa and Mori 2000; McKinnon et al. 2004). First, small males
may be inferior in territory defense. Second, female choice is known to be
size–dependent in Canadian systems (Nagel and Schluter 1998). I therefore
started a field experiment in spring 2015 to answer these questions. Out of
logistical reasons I had to stop it though. However, we will retry to answer
this questions under common garden conditions in the near future.
Second, I am interested in the speed of local adaptation based on standing
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genetic variation in our system. I started an experiment in autumn 2015,
which would be able to answer this question. I got the permission to release
lab raised lake–stream F2 hybrids into three stickleback free stream habitats.
The plan is to do yearly samplings and then perform genome scans against
a reference F2 hybrid sample. This procedure would exhibit expected allele
frequency shifts over time and thereby providing rare evidence for genetic
evolution in situ and in vivo.
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Figure S 1: Representative sagittal otoliths of stickleback from Lake Constance in their
second, third, and fourth calendar year (cy), photographed at 50x magnification. The
dark (transparent) ring zones, accreted in spring (Jones and Hynes 1950) and used for age
determination, are indicated by white arrows.
Table S 1: Geographic situation of the three field sites chosen for the transplant
experiment (‘transplant sites’). The ‘sampling sites’ are the localities where we
sampled the parental fish from which the fish for the transplant experiment were
derived. The distance to lake is the water distance between each transplant site
and Lake Constance.
Transplant site
(country)
Associated
sampling site
Distance from sampling
site (km)
Distance to
lake (km) Latitude (Noth)
Longitude
(East)
Singen (D) BOH 11.2 21.6 47◦46’54” 8◦50’36”
Erlen (CH) NID 6.3 14.9 47◦32’52” 9◦12’33”
Lauterach (AT) HOH 21 4.7 47◦28’21” 9◦42’18”
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Table S 2: Mean body mass (and standard deviation) of male and female stickle-
back from the lake and the NID population used for the maturation size threshold
experiment. The data represent the measurements taken in the beginning of the
experiment, and are given separately for each of the three experimental rounds.
Lake NID
Experimental round Females Males Females Males
1 0.8±0.24 0.63±0.12 0.78±0.16 0.73±0.13
2 0.83±0.24 0.76±0.12 0.73±0.24 0.67±0.19
3 1.28±0.24 1.18±0.13 1.16±0.33 0.94±0.19
Table S 3: Stomach content of stickleback sampled during winter (December 15,
2014) at the NID stream site. For methodological detail see Berner et al. (2008)
and chapter 1
Lake NID
Specimen ID Vemiforminsect larvae* Copepoda**
Chydorid
cladocera Isopoda Ephemeroptera Trichoptera Collembola
Ga3149 7 9 0 3 0 0 0
Ga3150 19 4 0 0 1 2 1
Ga3151 24 3 3 0 1 0 0
Ga3152 11 5 2 1 1 0 0
Ga3153 12 7 2 0 0 0 0
total 73 28 7 4 3 2 1
* mainly chironomidae and ceratopogonidae
** non–calanoid
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Figure S 2: epresentative male stickleback from COW lake (bottom) and COW stream
(top). Photo credit: Daniel Berner.
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Figure S 3: Proportion of fully (F), partially (P), and low–plated (L) stickleback morphs
in the five lake-stream pairs (A; lake samples on top, stream samples on the bottom), and
in the two solitary stream–resident populations (B). Sample site codes are given in Table
1. P-values are from permutation tests for lake–stream shifts in plate morph frequency
within each system. Note the general trend toward plate reduction in the stream samples
as compared to the lake samples. P–values and plate morph frequencies for the COW and
COS2 system already investigated previously (Berner et al. 2010a) are slightly different
from those reported in that study because of random permutation, and because the present
study analyzed subsamples of the previous study.
BOH: NID: HOH:
Figure S 4: Photographs of the field transplant enclosures used at the three experimental
sites. The transplant sites are labeled according to their associated field sampling sites,
see Table S1.
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Figure S 5: Distribution of female and male stickleback body mass in relation to
whether an individual reached maturity during the maturation size threshold experiment.
Across all experimental rounds, individuals heavier than approximately 1 g always started
to reproduce.
NID: BOH: HOH:
Figure S 6: Photographs of field transplant enclosures used at the three experimental
sites. The transplant sites are labeled according to their associated field sampling sites
(see Fig. 3.1 in the paper).
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Figure S 7: Body mass (left) and standard length (right) of 20 haphazardly chosen
individuals per cross type one day before the release into the experimental enclosures.
Means and parametric 95% confidence intervals for the lake population are drawn in black,
for the stream populations in light grey, and for the F1 hybrids in dark gray. The dashed
lines represent the grand means across all 140 fish (body mass: 0.2 g; standard length:
26.2 mm). To test for size differences among the cross types, we performed non-parametric
permutation tests by randomizing the response (body mass and standard length) over the
predictor (cross type) 9999 times and using the distribution of the F–statistic to derive
P–values. Both tests indicated no body size difference among the cross types (P = 0.352
for body mass and P = 0.499 for standard length)..
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Figure S 8: Number of survivors (upper row), body mass (middle row), and number
of competitors (lower row) in the enclosures at the end of the field experiment (29 weeks
post–release), based on the standard sampling effort (‘S’; see Materials and Methods) and
extended sampling (‘E’). The latter involved two additional rounds of minnow trapping
with the standard sampling scheme in each enclosure. Data for lake, stream, and F1 hybrid
fish are shown in black, light gray, and dark gray. Following the conventions in Fig. 3.2,
the survival data are presented as raw individual counts (minima and maxima connected
by vertical bars) along with their means across the replicate enclosures (horizontal bars).
For body mass and the number of competitors, the dots and error bars represent means
and parametric 95% confidence intervals across the enclosures. Results from standard and
extended sampling are connected by dashed lines. The first round of extended sampling
yielded seven additional experimental stickleback (three at BOH and four at HOH), all of
which were stream fish. The second round of extended sampling recovered one additional
experimental stream fish and one F1 hybrid at the HOH site. Overall, extended sampling
thus added eight stream fish, one hybrid, and zero lake fish to the 89 total individuals
captured with the standard scheme (stream: 52; F1 hybrids: 25; lake: 12). Similarly,
extended sampling added 53 total competitors (NID: 17; BOH: 33; HOH: 3) to the grand
total of 352 captured with the standard scheme. Although no conclusion in our study
changes qualitatively when adding the data from extended sampling to the analyses, we
emphasize that considering the additional (almost exclusively stream) individuals only
reinforces our inference of strong viability selection against immigrants and hybrids.
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Figure S 9: Reassembly of the Broad S1 threespine stickleback reference genome ac-
cording to a de novo linkage map based on 282 F2 individuals and 2’165 genome–wide
single nucleotide polymorphisms (SNPs). Each bar represents a chrrmosome (1–21); the
length of the bar gives the total chromosome span (in megabase). Correctly assembled
chromosome regions are shown in white. Scaffolds originally placed in the correct chromo-
some but in incorrect sense are shown in gray. Previously unanchored scaffolds that were
integrated into the chromosomes are shown in blue (if incorporated in normal sense) and
red (if incorporated in reverse sense). Each scaffold that was reversed and/or relocated
is named (e.g. Sc22). For relocated scaffolds, we also provide the name of the flanking
scaffold on each side. Note that scaffolds shorter than 140 kb were ignored. These scaffolds
were generally represented by 1–3 SNPs only and typically mapped to chromosome ends.
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Table S 4: Characterization of additional, suggestive (0.05 ≤ P < 0.1) QTL
for skeletal divergence between lake and stream stickleback. The presentation
follows Table 5.5. Plate number was mapped using only individuals unambiguously
heterozygous at the Ectodysplasin (EDA) locus.
Trait Marker Chr. Position (bp) LOD P PVE HSE Dir. Cand. gene
GRL chrIII-13014992 3 13’014’992 4.06 0.07 4.4 0.14(0.52) L*
HL chrXIII-18688122 13 19’444’640 4.05 0.086 4.6 0.40(0.60) S*
VNo chrII-5665753 2 5’665’753 4.05 0.076 3.6 0.31(0.57) L*
chrV-6319659 5 4’509’573 3.96 0.089 3.6 0.11(0.21) L*
PNo chrXIII-18503873 13 19’628’889 4.4 0.091 9.7 2.97(0.75) S
P11H chrXVII-2292374 17 2’292’374 4.12 0.098 5.8 0.36(0.53) L ALPL(31)
P13H chrV-3764951 5 7’064’281 4.15 0.069 5.6 0.33(0.54) L PLEKHM1(12)
The first column lists traits with the following abbreviations: Gill raker length = GRL; Head length = HL; Vertebral
number = VNo; Plate number = PNo; Plate 11 height = P11H; Plate 13 height = P13H.
Table S 5: Genetic diversity within each of the four study populations. Diversity
is calculated based exclusively on ‘loner SNPs’ (i.e. SNP occurring alone on their
RAD locus, see Material and methods). The first two data columns indicate the
number and corresponding proportion of the total loner SNPs (N = 62’332) ac-
tually being polymorphic within each population (in parentheses the proportions
are scaled such that the lake is 100%). This proportion is lowest in the lake pop-
ulation. Analogously, the third and fourth data columns report the number and
porportion of the total triallelic loner SNPs (N = 368) actually being tri–allelic
within each population (in parentheses the proportions are scaled as above). This
latter diversity index is again lowest in the lake population.
Population
Number of loner SNPs
polymorphic in focal
population
Proportion of loner
SNPs polymorphic in
focal population
Number of tri–allelic
loner SNPs polymorphic
in focal population
Proportion of tri–allelic
loner SNPs polymor-
phic in focal population
Lake 44’070 0.707 (100.0%) 103 0.280 (100.0%)
BOH 45’838 0.735 (104.0%) 97 0.264 (94.2%)
NID 46’632 0.748 (105.8%) 126 0.342 (122.3%)
GRA 56’280 0.903 (127.7%) 188 0.511 (182.5%)
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Figure S 10: Degeneration of the threespine stickleback Y chromosome revealed by
female versus male RAD sequence coverage, compared across analyses based on different
populations. The top panel is a copy of the graphic shown in Fig. 4.3, drawn based on
data from our F2 population (100 individuals per sex). The middle and bottom panels
were drawn by following the same plotting conventions, but are based on samples from
two natural populations independently evolved in geographic isolation and from different
marine ancestors (Atlantic, CHE; Pacific, Boot Lake). Sample size in these latter analyses
was 13–14 per sex and population. Note the striking consistency in female to male coverage
across the different analyses
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Figure S 11: Genome-wide LOD profiles for all eight traits. The chromosomes are
separated by white and gray background shading. Tick marks along the X–axis indicate 5
Mb intervals, drawn separately for each chromosome. Horizontal lines represent genome–
wide 0.05 (solid) and 0.1 (dashed) LOD significance thresholds based on 1’000 random
permutations. Note that the Y–axes are scaled differently among the traits.
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Figure S 12: Body size (quantified as geometric morphometric centroid size, in mm)
in relation to vertebral number. Shown are only individuals with 31 (N = 197) and 32 (N
= 258) vertebrae. The graph type is a boxplot with the whiskers representing 1.5 times
the interquartile range.
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Figure S 13: Phylogenetic analysis restricted to the two stickleback samples from Lake
Constance. The unrooted maximum likelihood tree is based on 55’561 genome–wide SNPs
in fish sampled from two lake sites approximately 20 km apart. The sites are Romanshorn
(ROM), Switzerland, western lake shore, and Unteruhldingen (UNT), Germany, eastern
shore). Consistent with a genome-wide median FST of zero between ROM and UNT,
the phylogeny reveals the absence of genetic structure between the two sites, indicating
that Lake Constance is inhabited by a single panmictic stickleback population. The same
conclusion was drawn earlier based on microsatellite markers and stickleback samples from
four different lake sites.
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NID
Ne = 4,781
(2,388 – 7,206)
GRA
Ne = 6,173
(3,063 – 9,428)
Divergence time in generations: 2,353 (1,127 - 3,644)
Ancestor
Ne = 34,828
(17,955 – 52,787)
Migration rate m per generation:
0.00036 (5.6 x 10-5 – 0.00070)
0.00178  (0.00046 – 0.00320)
Figure S 14: Demographic analysis based on a reduced model including the GRA and
NID stream populations only. Plotting conventions are as in the full model including all
study populations (Fig. 6.1b). The GRA and NID populations are the genetically most
variable of our study populations (see main text). In the reduced model, the split between
GRA and NID from a common ancestor is estimated to have occurred more recently
compared to the full model, although the confidence intervals overlap widely between the
models. A potential reason for the deeper splitting time in the full model is upward bias
due to extensive genome-wide selective sweeps experienced by the lake population. We
thus consider the splitting time estimate from the reduced model a better approximation
of the true time since stickleback colonized the Lake Constance basin. However, both
models support qualitatively similar conclusions about the colonization history of the
Lake Constance basin.
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Figure S 15: Observed site frequency spectra (SFS) of the four study populations. The
X–axis indicates the occurrence of the minor allele among 30 randomly sampled nucleotides
at a given genome position (the minor allele frequency (MAF) would thus be obtained by
dividing the counts by 30). The Y–axis gives the number of sites falling into each minor
allele count class in each population. Like the joint SFS used for demographic inference,
these population-specific SFS are based on 14.8 million nucleotide positions, although for
the ease of presentation, only the polymorphic sites (i.e. minor allele count >0) are shown.
Note the low number of polymorphisms across most minor allele count classes in the lake
population relative to the stream populations (especially GRA). Accordingly, the lake
population exhibited the highest proportion of monomorphic sites (minor allele count =
0); in millions, lake: 14.770; BOH: 14.765; NID: 14.764; GRA: 14.745.
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Figure S 16: Phylogenetic relationships among the Lake Constance study populations
rooted using different outgroups. To verify the robustness of the rooted ML phylogeny
by using the reference genome individual (a freshwater individual from the Pacific, see
Fig. 6.1c) as an outgroup, we generated additional trees using several other outgroups,
including (a) a marine Pacific (sampling population: ‘Rabbit Slough’, Alaska), (b) an
freshwater Atlantic (sampling population: ‘Norway Stream’, Norway), and (c) a marine
Atlantic (sampling population: ‘Gjögur’, Iceland) stickleback individual. Genotypes for
these individuals were retrieved from the ‘Stickleback Genome Browser’. These analyses
consistently resulted in very similar tree topologies supporting identical conclusions.
GRA
NID
BOH
Lake
100
100
0.0 0.1 0.2
-0.1
0.0
0.1
GRA
NID
Lake
BOH
PCoA 1
P
C
o
A
 2
Figure S 17: Phylogenetic and principal coordinate analysis of the four stickleback
populations from the Lake Constance basin. The unrooted maximum likelihood tree (based
on 51’188 SNPs; bootstrap support in percent is given for the key nodes) reveals reciprocal
monophyly of the four populations. Both the tree and the principal coordinate ordination
(insert) further show the close relatedness of the lake and the BOH population, and that
genetic diversity increases from the lake population to the BOH, NID, and GRA stream
populations.
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Figure S 18: Influence of using SNPs from different MAF classes on the difference in
LD between the lake and the GRA population. Shown is Delta R2 (see Fig. 6.2b) based
on low–MAF (top) and high–MAF (bottom) SNPs. The MAF classes are separated using
the same thresholds as used in the insert of Fig. 6.2a. Irrespective of the MAF class, LD
is higher in the lake than in GRA along most of the genome.
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Figure S 19: Genome–wide divergence (FST) for all lake-stream comparisons. The black
vertical lines represent the raw FST values, the red profiles show these values smoothed
by LOESS, and the background shading separates the 21 chromosomes. Note the increase
in baseline differentiation from BOH (median FST = 0.005; 55’476 SNPs) to NID (0.013;
57’119 SNPs) and GRA (0.061; 60’052 SNPs).
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Figure S 20: Difference in haplotype decay around genome–wide SNPs, as captured by
Rsb, for each lake–stream population pairing. The background shading separates the 21
chromosomes. A total of 87’738 SNPs were used in all lake–stream comparisons.
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Figure S 21: Allele frequencies within each population at the top 22 lake–stream Rsb
extremes. At each Rsb extreme (columns), the stream population producing an absolute
Rsb > 4 in comparison to the lake is framed in red. On the bottom, the genomic position
and the highest Rsb value observed across all lake–stream comparisons are given for each
Rsb extreme. Negative Rsb extremes generally display relatively balanced polymorphism
in the lake, but strong bias toward a specific allele in the stream(s), hence suggesting
stream–specific selective sweeps. By contrast, positive Rsb extremes tend to exhibit rela-
tively balanced polymorphism in the streams but are near fixation for a specific allele in
the lake, thus indicating lake–specific selective sweeps.
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Figure S 22: BayeScan divergence outlier analysis in the Lake Constance and GRA
stream population pair. Analysis to explore if markers near the Ectodysplasin (Eda)
gene, known to be under divergent selection between these populations, are recognized as
selection outliers by a popular outlier detection program not requiring a reference genome.
The analysis used 60’052 SNPs, and was run both with default settings (a), and with the
prior odds for neutrality increased to 300 (b) (default is 10). According to the software
manual, the latter setting should be more appropriate for our large marker data set, while
the default is perhaps too liberal. The graphics display the results of these two outlier
scans, with the five markers near Eda exhibiting the highest FST in our differentiation
scan printed in red (see top panel in Fig. 6.5c; positions on ChrIV: 12’815’791; 12’818’350;
12’818’237; 12’820’744; 12’822’878). SNPs on the right of the vertical line (244 and 4 in
the two scans) qualify as differentiation outliers at a false discovery rate of 0.05. None of
the markers near Eda are identified as outliers by BayeScan.
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Figure S 23: Strategy for the detection of inversion polymorphisms using RAD lo-
cus coverage. (a) An individual harboring the inverted inversion type (‘Inv’; dark gray
background shading) relative to the reference sequence (‘Ref’; light gray background) (for
simplicity, individuals are haploid in this figure). The small squares represent the two RAD
loci flanking restriction enzyme cutting sites to either side (sister RAD loci). If the ‘Inv’
inversion type shows substantial divergence from the reference, individuals carrying this
type will lack sequence coverage at many RAD loci when aligned to the reference (RAD
loci too strongly differentiated to align to the reference are shown as yellow squares). The
bottom panel shows the resulting pattern of sequence coverage across RAD loci for this
inversion type. (b) An individual carrying the inversion type collinear (‘Col’) to the refer-
ence (top), and the resulting sequence coverage along this chromosomal segment (bottom).
If the different inversion types segregate at different frequencies within two populations,
mean sequence coverage across chromosome windows within the inversion will be biased
toward the population in which the ‘Inv’ type is less common, relative to chromosome
segments outside the inversion. An analogous signature emerges when comparing the
variance in sequence coverage across chromosome windows within and outside inversions
between populations. Both signals, i.e. bias in the ratio of mean sequence coverage and
coverage variance between populations along the genome, were exploited in our study and
both consistently detected the three inversions, although only the former is presented (Fig.
6.6a). (Note that distortions in mean coverage and coverage variance along chromosomes
can also be used to detect inversions in a single population, although the comparison of
populations provides additional information on shifts in inversion frequencies.) The pre-
requisites for the above inversion detection approaches are that the inverted and collinear
segments display substantial sequence divergence (recent inversions cannot be detected),
and that the density of restriction sites is high enough to allow calculating the bias in the
ratio of mean sequence coverage or the coverage variance between populations in relatively
small chromosome windows while still integrating coverage data from a reasonably large
number of RAD loci (a low–frequency restriction enzyme digest will allow detecting large
inversions only). Moreover, comparing coverage statistics between populations will detect
inversion only when these populations have diverged sufficiently in the frequency of the
inversion types.
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Figure S 24: Confirming inversions by inversion type–specific PCR across expected
breakpoints. For the putative ChrI and ChrXI inversions detected based on RAD se-
quence coverage, we used RAD loci flanking one inversion breakpoint to design PCR
primer pairs expected to yield a PCR product for the inversion type specific to the
streams, but no product for the inversion type fixed in the lake (see Fig. 6.7c). The
underlying RAD loci were required to display robust alignment to the reference genome
in all populations, thus ensuring that any absence of PCR amplification was due to the
physical relocation of a primer site, and not to the degeneration of a primer site. For
the ChrI inversion, we assessed 13 individuals homozygous for the stream type, of which
nine (70%) amplified successfully, and ten individuals homozygous for the lake type, of
which none amplified (five individuals of each group are shown on the gel image). For
the ChrXI inversion, we assessed five individuals homozygous for the stream type and
seven heterozygous individuals, all of which amplified successfully. By contrast, none of
the ten individuals homozygous for the lake type amplified (six individuals of each group
are visualized; the individuals 5 and 6 in the stream inversion group are heterozygous).
These analyses thus confirm that the candidate regions are truly inversions. Note that the
ChrI (and also the ChrXXI) inversion has been confirmed independently through PCR,
using different primer pairs than in the present study2. The ChrXI inversion, however,
has not previously been verified by PCR. As representatives of both inversion types, our
PCRs considered primarily individuals from the stream populations in the Lake Con-
stance basin (these populations are polymorphic for the inversions; Fig. 6.7). A few
individuals from the Lake Geneva basin (Fig. 6.7c), however, were included in all reac-
tions, which showed that geographic origin did not influence amplification success. The
primer combinations used for this analysis were 5’–GCTGGTCAATATGTCCACTC–’3
(forward) and 5’–GTTACAATATGCCAATTACATGTC–’3 (reverse) for ChrI (approxi-
mate expected product size: 6.2 kb), and 5’–GGAGAAGCCTCAACCTATACG–’3 (for-
ward) and 5’–GGTGAGCAACTTGAACCAAG–’3 (reverse) for ChrXI (6.8 kb). Long–
range PCRs were performed with 37 cycles using Phusion High–Fidelity PCR chemistry
(New England BioLabs), following the manufacturer’s protocol.
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Figure S 25: Recombination rate around the ChrXI and ChrXXI inversions in a lab-
oratory cross population. Plotting conventions are as in Fig. 6.6f. For the ChrXI and
ChrXXI inversion, the cross population underlying the recombination analysis reported in
Fig. 6.6f is monomorphic. We here show that, as expected, recombination in these regions
is not suppressed, thus providing a negative control for the analysis presented in Fig. 6.6f.
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Figure S 26: Genetic differentiation (FST) between the Lake Geneva population, and
a stream population from a tributary of this lake. The black vertical lines represent the
raw lake–stream FST values, the red profiles show these values smoothed by LOESS, and
the background shading separates the 21 chromosomes. The genome region displaying
the strongest differentiation is located on ChrXXI and coincides with the large inversion
on that chromosome (right insert; average FST across this inversion: 0.160). Relative to
the low genome–wide baseline differentiation (given in top–left corner), the ChrI inversion
also exhibits strong lake–stream divergence (left insert; average FST across this inversion:
0.084).
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Figure S 27: Determining an appropriate threshold for distinguishing homozygote
and heterozygote RAD loci during consensus genotyping. To identify this threshold, we
determined the frequency of all haplotypes occurring at 250 haphazardly chosen RAD
loci in each of three individuals displaying low, medium, and high raw Illumina sequence
coverage. Among these 750 total RAD loci, we discarded those in which the two most
frequent haplotypes together failed to account for >70% of all haplotypes and/or to reach
a sum of 15 (see Material and methods). Across the remaining 562 RAD loci, we then
calculated the minor haplotype frequency, defined as the count of the second most frequent
haplotype divided by the sum of the two most frequent haplotypes. The distribution of
this statistic indicated that a cutoff around 0.25 effectively separated truly heterozygous
RAD loci from those appearing variable because of a technical artifact.
258
Table S 6: Dataset including the literature data used for statistical comparison
of camelids and ruminants.
Species Source BM CH4
kg L d-1 L kg-1 DMI L kg-1 dNDF % DEI
Camelids
Vicugna pacos (Johnson and Johnson 1995)* 42.0 2.5 4.2 20.2 1.6
Vicugna pacos (Martin et al. 2010)* 48.0 2.9 5.7 24.6
Vicugna pacos (Beauchemin et al. 2008)* 63.3 20.8 24.7 130.9
Vicugna pacos (Hacksten and van Alen 1996) 64.0 22.4 22.4
Lama glama (Sevens and Hume 1998)* 64.0 51.6 32.1 77.1
Lama glama (Franz et al. 2010) 100.8 33.7 28.5 81.1 12.6
C. dromedarius (Wang et al. 2000)* 330.0 69.7 15.9
Ruminants
Capra hircus (Vallenas et al. 1971) 32.5 17.2 19.0 8.9
Capra hircus (Lechner-Doll and von Engelhardt1989) 33.3 22.9 23.1 8.6
Capra hircus (von Engelhardt et al. 2006) 33.5 26.2 40.4 13.3
Capra hircus (Lerner et al. 1988) 37.3 16.3 21.4 7.9
Capra hircus (IPCC 2006) 40.0 14.8 22.1
Capra hircus (Meyer er al. 2010) 60.0 40.0 13.2
Capra hircus (Meyer er al. 2010) 100.0 67.0 13.2
Ovis aries (NRC 2007) 26.2 19.5 31.1 82.8 13.8
Ovis aries (Meyer er al. 2010) 27.0 23.0 11.0
Ovis aries (Heller et al. 1986) 32.4 21.6 27.3
Ovis aries (Hintz et al. 1973) 33.7 25.1 26.1 77.3 7.5
Ovis aries (Meyer et al. 2010) 37.0 34.0 12.0
Ovis aries (Kayouli et al. 1993) 38.6 25.7 29.8
Ovis aries (Dulphy et al. 1997) 39.9 21.5
Ovis aries (Dulphy et al. 1997) 40.0 15.1
Ovis aries (Sponheimer et al. 2003) 40.3 24.4 31.8
Ovis aries (Dulphy et al. 1997) 42.2 14.5
Ovis aries (Ghali et al. 2004) 43.0 18.0 18.8
Ovis aries (Ghali et al. 2011) 43.6 22.3 24.3
Ovis aries (Dulphy et al. 1997) 44.0 23.6
Ovis aries (St–Pierre and Wright 2012) 45.3 34.2 31.1
Ovis aries (Sponheimer et al. 2003) 46.9 27.1 29.3
Ovis aries (Dulphy et al. 1997) 47.2 27.5
Ovis aries (Sponheimer et al. 2003) 48.2 23.9 22.5
Ovis aries (Dulphy et al. 1997) 58.1 32.5
Ovis aries (Dulphy et al. 1997) 58.7 12.4
Ovis aries (Schulze et al. 1997) 58.8 50.6 31.6 11.9
Ovis aries (Sponheimer et al. 200) 59.2 29.0 23.1
Ovis aries (Ghali et al. 2011) 59.7 24.2 27.1
Ovis aries (Meyer et al. 2010) 60.0 36.0 13.2
Ovis aries (Franz et al. 2010) 65.1 33.4 28.9 84.8 13.4
Ovis aries (Ghali et al. 2011) 67.4 27.2 25.2
Ovis aries (Ghali et al. 2011) 72.6 28.9 22.4
Ovis aries (Guerouali and Laabouri 2013) 90.6 28.1 34.4 106.8 15.8
Ovis aries (Guerouali and Laabouri 2013) 92.7 33.7 24.8 76.3 10.0
Ovis aries (Guerouali and Laabouri 2013) 98.7 29.1 21.6 93.0 11.0
Ovis aries (Meyer et al. 2010) 110.0 57.0 13.2
Bos indicus (Carmean et al. 1992) 358.5 258.4 48.5 103.3 20.0
Bos taurus (Vernet et al. 1997) 272.0 155.4 32.0 11.2
Bos taurus (Vernet et al. 1997) 302.0 166.6 30.5 10.6
Bos taurus (Pinares–Patiño et al. 2003) 545.5 415.0 27.6 56.2 7.7
Bos taurus (Liu et al. 2009) 606.0 354.2 24.8
Bos taurus (Liu et al. 2009) 606.0 385.5 27.1
Bos taurus (Liu et al. 2009) 606.0 435.8 29.1
Bos taurus (Liu et al. 2009) 606.0 469.2 31.7
Bos taurus (Dulphy et al. 1997) 610.0 279.3
Bos taurus (Pinares–Patiño et al. 2013) 611.0 451.2 33.4 59.2 10.6
Bos taurus (Liu et al. 2009) 649.0 472.1 35.0 65.6 12.1
Values are ordered by species and body mass. Empty cells indicate that the corresponding data were not available
from that source. Note that in many cases not all available data were taken from the respective publication, but only
those measurements that were obtained with roughage–only diets. Values indicated with asterisks were not included in the
analysis as animals were not kept on a roughage–only diet or methane measurements were not carried out by respirometry.
BM body mass; DMI dry matter intake; dNDF digestible neutral detergent fiber; DEI digestible energy intake.
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